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Introduction - The Nature of an Advanced Propellant 

Dr .  Richard T. Holzmann 

Aerojet-General Corporation 
Von Karman Center 
Azusa,  California 

The propellant chemist  knows what is needed to make a t ruly advanced propellant - 
the energy of the cryogenics (fluorine/hydrogen); the density of solids and the ability 
to tailor propert ies  to the mission a t  hand. The energetics a r e  a d i rec t  consequence 
of the simplified specific impulse relationship: 

L 

F - thrust  I = - -  
s i weight ra te  of flow 

which is a major  aspect  of propellant performance expressed in units of pound per  
pound per  second, o r  m o r e  commonly, just  seconds. The over-al l  efficiency of the 
rocket system is ,  in turn, dependent on the combined efficiencies of the combustion 
chamber (where the propellants a r e  burned) and the nozzle (where the thermal  energy 

propellant combinations, i t  is frequently consider.ed that specific impulse is proportional 

' 
I, ' 
1 is to kinetic energy).  As a rough approximation in screening potential ' 
i to 

Thus, simply stated, a high heat re lease  yielding low molecular weight products is 
most  desirable .  

The total f igure of .mer i t  of propellant system performance is usually taken to be 
specific impulse multiplied by propellant bulk density to some exponent which m a y  
range f r o m  0 . 0 5  to 1.0. The actual value of the exponent depends upon a complex 

Thus, the high density of the propellant in a volume-limited application such as an 
air-launched miss i le  is extremely important whereas  for  an upper-stage it is not 
near ly  so cri t ical .  

The mission s imilar ly  influences the essential  properties of the propellant ingredients. 
The mil i tary require  rocket motors  o r  engines which will withstand operational thermal  

they will not detonate in a f i r e  o r  when s t ruck by bullets for  example. 
capable of storage f o r  years  - ideally under hermetically sealed conditions. There a r e  
many who presume that a m o r e  energetic advanced propellant m u s t  necessar i ly  be l e s s  
safe due to  the explosion hazard,  
t e r s .  On the other hand, rockets for  space applications do not have the ser ious 
rest r ic t ions inherent in a mi l i ta ry  mission, and thus cryogenics find a notable use. 

'Advanced propellant chemistry,  as a consequence, is not generally concerned with 
cryogenics but ra ther  with conferring the energetics of the cryogenics on ear th-s torable  
liquids and solids'. 
f luorine,  liquid o r  solid at. room temperature  ! 
this Symposium. 

" relationship among the propellant, its propert ies ,  the mission,  and design cr i ter ia .  

, . cycling and handling. In addition, they m u s t  be safe under combat conditions in that 
They must  be 

. 
This confuses the thermodynamic and kinetic 'parame- 

I 

With some levity then, one may s t r ive  to make hydrogen and 
This leads direct ly  to  the context of 

\ 
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The first s e v e r a l  papers  concern themselves with a theoretical  approach to extremely 
advanced oxidizers ;  the next group examine oxygen oxidizers pr imari ly  by the study of 
physical  and combustion charac te r i s t ics  of importance in propellants. 
two papers  on binders which a c t  as fuels a s  well a s  conferring desirable  physical 
propert ies  on solid propellants.  It will be noticed a t  this point that there  is no coverage 
of the l ight meta l  hydride fuels.  This is a resul t  of the vast  synthetic efforts over the 
pas t  ten years ,  which resul ted in production capabilities for  the boranes - diborane, 
pentaborane, decaborane and the i r  derivatives. The tenacity with which tbe desirable 
hydrides of aluminum and beryll ium hold on to their  Lewis bases,  e thers  and amines,  
has  prevented their  isolation i n  a sufficient purity to make them useful a s  propellant 
fuels.  
the aluminum hydride prepared  at Tufts shortly thereafter,  offers l i t t le o r  no performance 
advantage over  the use of the respective metals .  

After the binder papers  a r e  five presentations which explore the physical, combustion 
and detonation properties of liquid systems.  
pr imar i ly  with the more  energet ic  oxidizers based upon nitrogen-fluorine and oxygen- 
fluorine bonding. It is f rom this a r e a  that the m o s t  significant improvements will one 
day come. F o r  with the oxidizer comprising 70 to 80 percent of the propellant combi- 
nation, a relatively small  improvement h e r e  is magnified as compared with the fuel. 
The u s e  of meta ls ,  mentioned above, in both solid propellants and in  liquid s lur r ies ,  
has  been widely publicized and will not be discussed here .  
originated in explosives technology and is  commonplace a t  the present  t ime. 

It m u s t  be c lear ly  indicated here ,  that as broad a s  the coverage of this Symposium 
appears ,  t h e r e  is much propellant chemistry which has  not been included. The experi-  
mental  determination of thermodynamic properties such as heats of formation and 
equilibrium constants, a s  well a s  the calculations of theoretical  performance have been 
presented a t  other  symposia. 
polymers ,  and hence mechanical and burning properties of solids, have other forums. 
The actual f i r ing of solid motors  and the determination of thrust  and efficiency have 
been omitted, while the r e s e a r c h  into combustion instability and the transition f rom 
deflagration to detonation a r e  only alluded to. 

Following a r e  

The impure beryllium hydride prepared a t  Los Alamos ten years  ago, just  as 

The balance of the Symposium is concerned 

Their  use,  incidentally, 

The applied chemistry related to the modification of 

The Advanced Propellant 

The ideal advanced propellant i s  then one which yields a high heat re lease  in the 
chamber ,  converts  this to t ranslat ional  kinetic energy in  the nozzle while generating 
low molecular  weight "perfect" gases .  
due to the presence of HF,  CO, C02 and H 2 0  i n  the metal-free systems and to 
condensed meta l  oxides in  the m e t a l  systems.  
metall ized propellant can easi ly  resul t  in a five percent efficiency loss .  Therefore ,  
although the meta ls  have an extremely attractive heat re lease,  a penalty of this five 
percent  is imposed from the s t a r t  even presuming perfect combustion efficiency. 
Everything considered, a performance of 92 percent of theoretical  is close to maximum 
efficiency. 
achieving 97  to  98 percent of theoretical  performance. 

Low molecular  weight "perfect" gases  c lear ly  point the way to hydrogen which accounts 
for  the ex t reme performance of a nuclear propulsion unit. 
m e r e l y  heats the light-weight gas .  
for  nuclear  applications, decomposed methane has a molecular weight of 5.4,  ammonia 
of 7, while hydrogen has a molecular  weight of 2. 
employed, the molecular hydrogen will dissociate into the atoms,  and absorb additional 

This la t ter  requirement is r a r e l y  satisfied 

This two-phase flow problem with a 

The metal  - f ree  liquid bipropellant systems however a r e  capable of 

In this system, the reactor 
Although CH4 and NH3 have a l so  been considered 

Lf too high temperatures  a r e  
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energy. In a chemical propulsion sys tem the hydrogen will come, in the case of 
solids,  f rom the binder and NH4C104 and, in liquids, f rom N2H4 and i ts  derivatives 
o r  pentaborane o r  diborane - the la t te r  being space-s torable ,  but not earth-storable.  
Much of the simple theoretical  comparisons of oxidizers are therefore  based on 
combustion with N2H4 o r  B5H9 f o r  liquids and on m o r e  complex sys tems for  solids. 

M. B a r r k r e  has published the following performance calculations. 

Table I - Storables 

Propellant Composition Is Isd 

P r e s e n t  Ammonium perchlorate  
A1 t plastic 267 455 

SOLID 
Future  . Ammonium perchlorate  

LiBe + plastic 290 377 
~ 

HN03-DMH 276 348 

HN03-N2H4 283 362 

N204-DMH 285 336 

292 356 N2 04-N2H4 

H202-DMH 278 345 

H2°2-N2H4 282 355 

C103F-N204 295 360 

306 337 N2 04-B gH 9 

312 311 H2°2-B5H9 
C1F3-N2H4 294 444 

P r e s e n t  

LIQUID 

Future  

H 0 -A1 t plastic 289 435 

HNO -AI t plastic 273 414 

N02C104-N2H4 295 428 

C1F 3-LiH 293 445 

ClF,-Li 318 369 

2 2  

3 P r e s e n t  

HYBRLD 

Future  3 

N204-BeH2 

H202-BeH2 

351 530 

375 566 
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Table II - Cryogenics 

Propellant Compos ition 1s Isd 

O2-2 391 109 

02-N H 335 365 

410 185 

2 4  

F2-H2 

F2-N2H4 363 476 

LIQUID 

O2 -F2-DMH 345 398 

F2-LiH 363 476 

F -0 -plastic 343 412 2 2  

395 604 F2-BeH 2 
HYBRID 

371 486 02-BeH 2 

F2-A1H 3 353 551 

It can be seen that future s torab le  liquid propellant sys tems a r e  in the 300 to 315 sec.  
range, while future solid s y s t e m s  a r e  around 290 s e c s .  
hybrid composed of H 0 2 / B e H Z ,  375 secs .  is possible in a storable propellant. 
only is the pure hydri3e unavailable, but hybrid technology leaves much to be desired.  

B a r g e r e ' s  analysis did not mention N F 
in that their  boiling points a r e  low. 

By the use of a n  "idealized" 
Not 

o r  OF2 since these a r e  "soft" cryogenics 2 4. Their performance is excellent, however. 

Table III 

2% 
b.p .  0 C N2H4 B5H9 

- 74 333 333 

- 145 345 359 

N2F4 

OF2 

The performance of F2, OF2 and N F 3  or  N2F4 gives the insight into where the 
synthesis potential of rocket oxidizers is. 

An at tempt  has  been made h e r e  to determine the relative value of an oxidizing group 
a s  a propellant with a model fuel, N2H4. 
availability of calculations. 
example,  to obtain one point for  an  -0, one may use one-third of $30 kcal/mole,  the 
A Hf of 03. 
manner  a s e r i e s  of curves  w e r e  generated (Figure I). 
of this  type i s  the nature  of the  group to which the oxidizing group of interest  is bonded. 

Hydrazine was chosen for  simplicity-and 
The PHf has been chosen in most  cases  by analogy. F o r  

In this F o r  another point, one-half of -3. 48 kcal/mole,  the AHf of 02(1). 
Inherent then in any calculation / 

, 
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Several  conclusions which can  be drawn f rom such a curve would have been 
approximated "intuitively" by the synthesis chemist  by reason of his background 
knowledge. 

If one chooses a constant ARf an index of oxidizing power may be obtained. 
AHf = 

F o r  a 
-10 kcal/mole the o r d e r  in  Table IV is observed. 

Table IV - Relative Order  of Oxidizing Power 

-F -C1F2 

-OF -NO3 

-NF2 

-C1F4 

-0 

-c104 

-c103 

-NO2 

If one chooses a target  Isp there  appear to be cer ta in  groups which, i f  embodied in an  
oxidizer,  would have difficulty in attaining the objective. Consider, i f  310 secs .  is 
chosen as the target ,  the  groups in Table V would not be expected to reach the objective 
unless combined with the highly energetic groups above them in Table IV. 

Table V - Oxidizer Groups Not Expected to Yield 310 Secs 

-C1F2 

-NO3 

-c104 

-c103 

-NO2 

The s teepest  slopes observed a r e  those for  -F and -0 indicating the dramatic  
contribution to impulse by a slight increase in AHf. 
have a m o r e  positive slope than -C1 compounds, demonstrating the relatively better 
performance of N as a c a r r i e r  atom over C1. 

A t e s t  of the value of such a curve (see Table VI) may be made by locating the known 
oxidizers relative to the group contribution curves.  

In general ,  then, -N compounds 
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Table V I  - Correlation of Known Oxidizers with Group Contributions 
1 

b 

-> Oxidizer 
3 

I I F2 

Location 

on F 

Correlation 

excellent 

midway between O F  and F excellent 
; >  OF2 
-I  

1. N2F4 on NF2 excellent 

on 0 excellent 
> O2 
A >  

- - -  poor 2 
,3 a .  C1F3 midway between C1F4 and ClF2 good 

NF3 c' 

C103F above ClF2, much above C103 poor 

close to  NO2 Is N2 '4 good 

N02C104 between NO and extrapolated good c104 2 

f a r  removed f rom extrapolated poor 
. \  'l2O7 C104 and C103 

6 < 
I 
? 

,; 
,~ 

, 
,' 

1 -  

Hypothetical oxidizers may be tested in the same way, 
as to what dHf to choose, and h e r e  l ies  the p r i m a r y  limitation. Having the curve,  
would one have chosen AHf C1207 = t55  kcal/mole o r  AHf NF3  = -29 kcal /mole? 

In conclusion then, it appears  that the most  desirable  oxidizer is one which packs in the 
maximum of fluorine bonded to itself (Fz),  bonded to oxygen (OF2, O2F2, O3F2. O4F2), 
o r  bonded to nitrogen (NF3, N2F4, N2F2) in decreasing o r d e r  of energy. The fuel m u s t  
pack in the working fluid hydrogen while both should have high heats  of formation and 
yield products with low heats  of formation. With the covalent liquids and gases,  our  
ability to predict  heats of formation is quite good - with ionic solids,  the unknown 
contributions from latt ice energy preclude this. 

However, the question a r i s e s  

a 1  

i: 
; 
I 
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The F e a s i b i l i t y  of Predicting Propert ies  of Oxidizers 
by Quantum Chemical Calculations 

Joyce 5. Kaufman, Louis A. Burnelle and Jon R. Hamann 

Research I n s t i t u t e  f o r  Advanced Studies 
(Martin Company) 

7212 Bellona Avenue 
Baltimore, Maryland 

ABSTRACT 

The objective of t h i s  research i s  t o  gain insight  in to  t h e  fUndauenta1 
bonding and behavior of energet ic  N, 0, F compounds. Such questions as r e l a t i v e  
s t a b i l i t i e s  of N, 0, F compounds, possible existence or non-existence of new species, 
ionizat ion potent ia ls ,  e lectron a f f i n i t i e s ,  T-bonding, and charge d is t r ibu t ion  of 
t h e s e  species  have been invest igated by performing LCAO-MO calculations using a 
gamut of theore t ica l  techniques (both semi-empirical and rigorous) and analyzing 
t h e  resu l t ing  calculated wave functions,  energy levels ,  charges and bond orders 
f o r  t h e i r  pertinence t o  t h e  above topics .  

-- 

From these calculat ions it has already been possible to :  1) predict  
cor rec t ly  t h e  greater  s t a b i l i t y  of cis-N2F2 r e l a t i v e  t o  trans-N2F2; 
t h e  correct  order of t h e  d i f fe r ing  N-F bond lengths i n  such diverse species as 
NF2, NF3, trans-N2F2and cis-N2F2 and of the  d i f fe r ing  N-N bond lengths i n  cis- 
and trans-N2F2 (pr ior  t o  knowledge of the  experimental electron d i f f rac t ion  
measurements of N2F2 bond lengths) ;  
N-F s t r e t c h  frequencies i n  NF2, NF3, trans-NpF2, N2qand cis-N2F 4) reproduce 
by calculat ions t h e  experimental ionizat ion poten t ia l  of NF2; ??;verify the  
supposit ion of T-bonding i n  NF2mdNF leading t o  a greater  N-F bond dissociat ion 
energy i n  these species than i n  NF3. 

2) predict  

3 )  predict  t h e  correct  order of t h e  symmetric 

INTRODUCTION 

The objective of our research i s  t o  invest igate  t h e  theore t ica l  and 
quantum chemistry of energet ic  N, 0, F compounds with the  aim of providing insight  
i n t o  t h e  mdamenta l  bonding and behavior of these species s o  necessary for the  
guidance and planning of t h e  overa l l  experimental research project i n  t h e  oxidizer 
f i e l d .  

The f i r s t  question w e  asked ourselves a t  the inception of t h i s  research 
was -- what are  r e a l l y  t h e  most important findamental problems t o  be faced i n  
t h e  program i n  high-energy oxidizers.  To us it seems t h a t  one of t h e  most 
over-riding problems i s  t h e  question of energetics -- w i l l  or  w i l l  not a par t icular  
molecule be s table  or perhaps so  unstable it can never be isolated;  and f u r t h e r  -- 
what can be psedicted about dissociat ion paths and dissociation energies of 
molecules. 
what we f e e l  is the only r e a l i s t i c a l l y  va l id  approach, we have undertaken rigorous 
non-empirical LCAO-MO-SCF calculat ions of N, 0, F compounds i n  which we sha l l  
incorporate correlat ion and r e l a t i v i s t i c  energy corrections.  I s h a l l  discuss 
these  more m l y  i n  a moment. 

However, for t h e s e  compounds there  a r e  many other properties of in te res t  
f o r  which solutions using.approximate wave flmctions may y ie ld  r e s u l t s  of suff ic ient  
accuracy t o  permit in te rpre ta t ion  of t h e  desired phenomena. 
have a l s o  undertaken research i n  semi-rigorous calculations with t h e  goal of 
deriving methods cor rec t ly  based on t h e  many-electron Hamiltonian but with simpli- 

I n  order t o  tack le  the  problem of molecular energy calculations by 

For t h i s  reason we 
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fying approximations f o r  the  core and in tegra ls  whichwi l l  make the  calculations 
t r ac t ab le  a t  l e a s t  fo r  medium-sized polyatomic molecules. We have a l so  modified 
t h e  semi-empirical "extended Hfickel method" t o  include a more j u s t i f i a b l e  physical 
in te rpre ta t ion  of the  matrix, elements as  well as  i t e r a t i v e  processes which intro- 
duce a measure of self-consistency. I sha l l  discuss t h i s  l a t t e r  method in  de t a i l  
l a t e r ,  present some re su l t s  of the  calculat ions and show t h e i r  good agreement with 
experiment. 

The calculat ional  technique used for the  rigorous calculat ions i s  
based on Roothaan's SCF method f o r  closed- and open-shell systems.' 
o rb i t a l s  are  constructed as l i n e a r  combinations of atomic o r b i t a l s  

Molecular 

Ti = c ci x 
CI P C I  

and a configurational wave function On i s  represented 
wave function. There a re  two choices for the  form of 
which a re  most i n  current usage 

-1/2 m-1 S la t e r  o rb i t a l s  X = (2On-l(2n!) 

2 2k I m n e(-ar ) Gaussian o rb i t a l s  X = r x y z 

by an. antisymmetrized product 
the  bas i s  atomic orb i ta l s  

S l a t e r  orb i ta l s  a re  b e t t e r  approximations t o  the  form of ac tua l  atomic orb i ta l s  
and atomic wave flmctions composed of sums of S la t e r  o rb i t a l s  f o r  each atomic 
o r b i t a l  ( ra ther  than minimal bas i s  sets which represent each atomic o rb i t a l  by a 
s ing le  S la te r  function) have been sham t o  be good approximations t o  the  t rue  
atomic wave functions and t o  reproduce qui te  accurately the  atomic Hartree-Fock 
energies. Even atomic o rb i t a l s  where each atomic o rb i t a l  i s  represented by only 
two S la t e r  o rb i t a l s  ( the  double t, technique)combine t o  give f a i r l y  good approxima- 
t ions  t o  the atomic wave flmctions2 (although f o r  molecular wave functions where 
one wishes t o  calculate  dissociat ion energies one must use b e t t e r  than a double < treatment and must include some higher o rb i t a l s  t o  allow f o r  atomic d is tor t ion  
upon molecular format iod .  
increase the binding energy since they represent increased f l e x i b i l i t y  i n  the 
o r b i t a l  bas i s  s e t  for  the  molecule.) 
f o r  polyatomic molecular calculat ions i s  the lack of general computational express- 
ions f o r  most of the  three- and four-center in tegra ls  involved. 

A l l  improvements t o  the  %est-atom" wave functions 

The great  problem i n  using S la t e r  orb i ta l s  

The other a l te rna t ive  i s  t o  uselcGaussians as  the bas i s  functions f o r  
t he  atomic orb i ta l s .  pointed out t h a t  a set of Gaussian 
flmctions of the form sham i s  complete and t h a t  the required in t eg ra l s  involving 
these Gaussians (including three- and four-center ones) c n be expres ed as  expl ic i t  
formulas. Recent calculat ions by Moscowitz5 and Harrison' and Krauss7 have sham 
t h a t  molecular wave functions based on Gaussians (GF's) can be made comparable t o  
those based on S la t e r  o rb i t a l s  (STO's), but f o r  s imilar  energy values about twice 
as  many GF's as STO's a re  necessary. 
systems f o r  which, as  yet ,  th ree  and four-center S l a t e r  i n t eg ra l  routines a re  not 
avai lable ,  w e  are  concentrating a t  present on performing our rigorous molecular 
calculat ions using bas is  Gaussian orb i ta l s .  We have been very for tunate ,  through 
the cooperation of Dr .  Moscmitz, of New York University, (formerly of MIT) i n  

A paper by Boys i n  1956 

Since our main in t e re s t  i s  i n  polyatomic 

I .  
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having the MIT POLYATOM program (rigorous SCF calculat ions based on Gaussian orbi- 
t a l s )  made available f o r  our research here a t  RIAS and addi t ional  supplementary 
rout ines  fo r  POLYATOM have been wr i t t en  a t  RIM. As f a r  as  o rb i t a l  energies go, 
calculat ions a t  M I T  indicated t h a t  the Gaussian bases seem t o  give excellent 
results. 
NF compounds. 

Therefore, w e  have proceeded t o  explore SCF Gaussian calculations fo r  

Before I mention our preliminary r e su l t s  t o  date on the  Gaussian 
SCF calculat ions of NF compounds, I should j u s t  l i k e  t o  indicate  how correlat ion 
and r e l a t i v i s t i c  e n e r a  correct ions w i l l  enter  in to  the  estimation of dissociation 
energies of NF compounds. 

Correlation and Re la t iv i s t i c  Ef fec ts  --- 

which holds for  any s t a t e  of any atomic or molecular system. Eexlct i s  the  actual 
energy of the  s ta te ,  % i s  the computed Harbree-Fock energy for  
(accounting f o r  or more of E,, c t ) ,  EC i s  the correlat ion energy i n  the  
s t a t e  ( a  correction term accounting For the  deficiency i n  the  Hartree-Fock model - 
the  antisymmetrized product form of the  wave function and t h e  Pauli exclusion 
pr inc ip le  take in to  account most of t he  correlat ion between electrons of l i k e  
spin - but none between e lec t rons  of opposite spin) and ER i s  the r e l a t i v i s t i c  
energy i n  the  s t a t e  (which i n  t h i s  def in i t ion  includes spin-orbit coup1 ng ef fec ts  
i n  addi t ion t o  t rue  r e l a t i v i s t i c  e f f e c t s ) .  I n  calculations by Clementi', McLeang 
and YoshirninelO on such diatomic molecules as  E?, LiF, BeO, it was found t h a t  
the ne t  contribution of cor re la t ion  energy t o  the molecular binding energy 
(molecule minus separated neu t r a l  atoms) was very nearly equal t o  the  correlat ion 
energy difference between the  atoms separated so  as  t o  paintaiq the s t ruc ture  of 
e lectron pa i r s  i n  the  molecule ( f o r  example HF giving F 
separation) and the neut ra l  atoms in  t h e i r  ground s t a t e s .  
correlat ion energy was qu i t e  c lose  t o  the  difference between t h a t  of a uni ted 
atom corresponding t o  t h e  diatomic and the  neutral  atoms in t h e i r  ground s ta tes .  
Professor Sinanoglull has shown t h a t  pa i r  correlat ions are  nearly addi t ive and 
he has calculated some of these correlat ions non-empirically f o r  f i r s t  row atoms. 
Thanks especial ly  t o  the work of Clementi12 there  i s  now a great  deal of empiri- 
c a l  knowledge of correlat ion energies of f i r s t  and second row atoms. The lament 
current  some few years ago ( tha t  molecular o r b i t a l  wave functions would never be 
good enough t o  calculate  r e l i a b l y  dissociat ion energies) is now being replaced 
by the  more optimistic statement t h a t  the  results of Rarbree-Fock molecular cal- 
culat ions combinedwith empirical knowledge of correlat ion energies can lead  t o  
accurate predictions of dissociat ion energies of molecules. 
the en t i r e  molecular ex t ra  cor re la t ion  energy (of the order of 1.7 ev per bond) 
contr ibutes  d i rec t ly  t o  t h e  d issoc ia t ion  energy and bond dissociat ion energies 
a re  only about 2 t o  4 ev one sees  why 1) correlat ion energy must be taken in to  
account and 2 )  why we must s t r i v e  for accurate wave functions. 

he s t a t e  
99 

and H a t  i n f i n i t e  
Alternat ively the  

Considering t h a t  

N-F Results --- 
The closed-shell POLYATOM program i s  operational and can handle up 

t o  50 basis  orb i ta l s .  We have already run a test of NF with a minimal bas i s  
s e t  f o r  N and F of 3s  and one each px, p , p, orb i t a l s  20 check it out. The 
ordering of the  energy l eve l s  w a s  as  ant ic ipeted,  f i r s t  the  four inner s h e l l  
o rb i t a l s ,  then above them l eve l s  which may be associated with the  three  bonds and 
the  lone pa i rs  on f luor ine ;  t he  highest occupied o rb i t a l  f i n a l l y  corresponds 

Y 



11 

c lose ly  t o  the  lone p a i r  on nitrogen. 
used was minimal t he  calculated energy was too  high. 
accuracy of t h e  wave function, the  o rb i t a l s  characterizing the  gaussians had t o  
be varied and the  bas i s  expanded. 
l a rge r  bas i s  s e t s  i n  order t o  optimize the  parameters f o r  N and F i n  molecular 
combination. 

Of course, due t o  the  f a c t  t h a t  the  basis 
I n  order t o  improve the  

We then ran calculations on NF i t s e l f  with 

- 
A t  present we are  performing these  calculations on NF2 and NF3 and 

We s h a l l  continue our research on these rigorous calculations of 

i n  the  immediate fu ture  we s h a l l  calculate c i s -  and trans-N2F2 and N2F4. 

NF compounds u n t i l  we have sa t i s f ac to r i ly  been ab le  t o  reproduce the  dissociation 
e n e r a  of an NF compound -- probably NF since t h i s  i s  the  simplest NF molecule 
whose heat of formation and f i r s t  bond &.ssociation energy have been measured 
d i rec t ly .  It was ac tua l ly  t h e  apparently anomolous pattern i n  bond dissociation 
energies of IT? which l e d  or ig ina l ly  t o  our theo re t i ca l  i n t e re s t  i n  NF compounds. 
I n  1961. a t  an American. Chemical Society Symposium on Chemical Bonding i n  Inorganic 
Systems, D r .  Colburn of Rohm and Haas a t  Huntsville made mention of t he  f a c t  t ha t  

t h a t  time t h a t  the reason 
while t he  N-H dissociation energies i n  NET3 were D( 
NF3 the  order w a s  D(F2N-F) < D(FN-F). 

> D(HN-H) > D(N-H) i n  
We 

must i n  la rge  part  be due t o  t h e  f a c t  t h a t  although the re  i s  v i r t u a l l y  no 
Tr-bonding i n  NF 
which is  planar?i3 
%bonding i n  NF2) .  
t ha t  i n  NF3. 
both predicted t o  be due t o  F --f N %bonding i n  NF2 and W2 . 
there  must a lso  be F -+ N %bonding i n  N-F). 

there  must be a considerable amount of F + N  %bonding i n  NF2 
(Our subsequent calculations have confirmed this F + N 
7-bonding i n  NF2 would increase the  N-F bond strength over 

The closeness of ionization poten t ia l s  of NF and NH2 were a l so  
(Incidentally,  3 

Semi-empirical Calculations 

Good rigorous SCF calculations on polyatomic molecules a re  long, 
d i f f i c u l t  and tedious t o  program, and inevitably expensive i n  computer time. 
What was needed was a simple semi-empirical approximate method f o r  three-dimen- 
sional molecular o r b i t a l  calculations. 

I n  recent years increasing use i s  being made of an extended Hdckel 
type LCAO-MO-SCF method f o r  calculation of wave functions and energies of 
three-dimensional molecules (as opposed t o  molecules having separable 7r-systems) . 
This extended Hflckel-type method i s  b sed on a technique apparently or ig ina l ly  
introduced by Wolfsberg and Helmholzl$ and used ov r t h e  years by Longuet- 
Higginsl? , extensively by Lipscomb and co-workers1% espec ia l ly  Hoffman, as well 
by Ballhausen and Gray17. 
combination of atomic o rb i t a l s  X 

From a molecular o r b i t a l  p i  b u i l t  up a s  a l i n e a r  

CI 

'pi = c ci x 
CI 

C I C I  

and applying the  var ia t ion  principle f o r  the  va r i a t ion  of energy the  following 
s e t  of equations f o r  t he  expansion coef f ic ien ts  is obtained 

(Up + ESCIP)cCI + C (BKv - ESpV)cV = 0 V = 1,2,--M where M 
i s  the  number of 
atomic o rb i t a l s  

CI+v 



1 2  

E = energy 
* 

= J x x dv = overlap in t eg ra l  
sWJ C I V  

* 
,HPP = 

= .f X H X dv = Coulomb in tegra l  
P CI CI 

* 
= .f X H X dv = Resonance in tegra l  p # V - - 

HPV q l v  CI V 

tf i s  an e f fec t ive  one electron Hamiltonian representing the k ine t ic  
energy, the  f i e l d  of the nuclei and the  smoothed-out d i s t r ibu t ion  of the other 
e lectrons.  

The diagonal elements a re  se t  equal t o  the  e f fec t ive  valence s t a t e  
ionizat ion poten t ia l s  of t he  o rb i t a l s  i n  question. The off-diagonal elements, 
H can be evaluated in  several  ways: 

PV' 

1) I n  the  ear ly  work on the boron hydrides the  relat ionship 

H = K'SCIV w i t h  K' = - 21 ev was used. However 

one was forced t o  use inordinately high values of K' due 
t o  the  requirement t ha t  K '  be smaller than any diagonal 
matrix element. ( LH+R '5) 

A better-approximation was t o  s e t  

CIV 

2) 

H = O.5K (HW + Hv,)SpV and t o  use K = (1.75 - 2.00) 
PV 

(W-H 14) 

3 )  A similar  expression 

112 s which d i f f e r s  only i n  HPv = K" (HCICI - Hvv)  
CIV 

second order and has cer ta in  computational advantages has 
a l so  been used. (B-G '7) 

4) Cusachs rep0 ed a t  the Sanibel Quantum Chemistry Conference 
l a s t  winterl'that the  repuls ive terms i n  the  W-H model which 
assume electron repulsion and nuclear repulsion t o  cancel 
nuclear-electron a t t r ac t ion ,  consis t  of one-electron an t i -  
bonding terms only. Cusachs noted tha t  Ffuedenberg observed 
tha t  t he  two-center k ine t i c  energy in tegra l  i s  proportional 
t o  the square of the overlap in tegra l  ra ther  than the  f i r s t  
power. We s h a l l  comment m h e r  on t h i s  point l a t e r  - since 
we think there  may be a s l i g h t l y  d i f fe ren t  interpretat ion.  
Hawever, Cusachs used t o  develop the  approximation 

which contains no undetermined parameters and avoids collapse. 

5 )  A t  Is tanbul  Professor a l s o  reported a new scheme 
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f o r  approximating t h e  off-diagonal elements. 

Since t h e  valence s t a t e  ionizat ion potent ia ls  are known t o  be 
f'unctions of t h e  electron population a t  t h a t  atom we have introduced i t e r a t i v e  
schemes f o r  t h e  calculat ion of H such as: 

'P 

- ( m  - q R-l) w R =  R- 1 
(1: R = H  

'a 'a'a 'a 'a 

where R i s  t h e  i t e r a t i o n  cycle number, pa r e f e r s  t o  o r b i t a l  
a on atom p, m i s  t h e  occupation number f o r  t h a t  o r b i t a l  i n  
the  ground s t a t e  and q i s  t h e  electron population on t h a t  

atom i n  t h e  molecule. 

pa 

'a 

which follows a Glockler-type equation and where (1: i s  equal 

t o  the  valence s t a t e  ionizat ion potent ia l .  The i t e r a t i v e  
cycles a r e  continued u n t i l  

'a 

R - l  - q Is 
'a 'a 

R~ < constant 

The off-diagonal elements can be constructed i n  accordance with 
any of t h e  schemes indicated e a r l i e r .  

Preliminary calculations of t h e  extended Hackel-type on NF and OF 
compounds have l e d  t o  a number of in te res t ing  and fruitrul observations. 

N-F Symmetric Calculated N-F 
Compound N-F Distance (i) Stre tch  cm-l Overlap Population 

1.365 1074 0.45 

1.371 1031 0.41 

N F - t rans  1.398 1010 0 *37 

"2 

"3 

2 2  

N2F2- C i s  1.409 (Bauer) 896 
1.384 (Other research) 

0.34 

Quite s t r ik ing  i s  t h i s  t a b l e  comparing our calculated N-P overlap populations 
with experimentally measured N-F bond lengths,  N-F symmetric s t r e t c h  frequencies 
and N-F bond dissociation energies. I n  t h i s  t a b l e  a r e  sham our or ig ina l  calcula- 
t ions  which were performed using Sanborn's estimate fo r  t h e  geometry of N F 
which N-F and N-N bond distances were considered t o  be t h e  same f o r  both $he cis-  
and trans-isomers. 
qui te  c lear ly  t h a t  the  N-F distance i n  trans-N2F2 should be shor te r  than that i n  

2 in 

Our calculat ional  r e s u l t s  based on overlap population indicate  
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cis-N2F2 -- and t h i s  point w a s  experimentally ve r i f i ed  by Professor Simon Bauer 
a t  Cornell. 
d i f f rac t ion  measurements of NF compounds, and asked f o r  our theore t ica l  interpre- 
t a t i o n  of t h e  d i f fe r ing  N-F bond lengths. 
overlap populations, even when using the  or ig ina l  Sanborn estimate of ident ica l  
N-F bond lengths for cis- and trans-N2F2, a r e  capable of predicting correctly the  
order of t he  experimentally measured bond distances PRIOR t o  our knowledge of 
Professor Bauer’s r e s u l t s  i s  very encouraging. The s i tua t ion  seems t o  be similar 
t o  t h a t  explored years ago i n  Hdckel calculations of aromatic hydrocarbons. I n  
condensed r i n g  systems it is  possible t o  do an or ig ina l  Hdckel LCAO-MO 7-electron 
calculation assuming a l l  bond lengths equal. From the  resu l t ing  differences i n  
calculated bond orders it is possible t o  predict  t h a t  ce r t a in  of t he  bonds i n  t h e  
r ings  d i f f e r  in  length from the  others. Refined calculations can then be made 
using d i f fe r ing  values of B i n  order t o  predict  more closely other properties of 
the  molecules. 
capable of enabling one t o  evaluate the  va l id i ty  of experimental measurements. 
For example, the  ca lcu la ted  N-F overlap population i n  cis-N2F2 of 0.34 compared 
t o  0.37 f o r  trans-NpF2 would indicate t h a t  t he  N-F distance of 1.409 A f o r  cis- 
N F2 a s  measured by Bauer i s  more reasonable compared t o  1.39 A f o r  trans-NS2 
&an i s  the  value of 1.384 A measured by another investigator.  
of N-F dissociation energies i s  e n t i r e l y  compatible with the  order of t h e i r  
calculated overlap populations. Bauer a l so  observed differences i n  the N-N 
distances i n  c is-  and trans-N2F2 and these differences are a l so  reproduced by our 
or ig ina l  calculations.  

Professor Bauer sen t  us h i s  student’s unpublished r e su l t s  on electron 

The f ac t  t ha t  our calculated N-F 

The cor re la t ion  of overlap population with bond length even seems 

Also the  order 

N=N Distance A Calculated N-N Overlap Population 

C i s - N  F 1.209 1.29 

t rans-8  F 1.224 1.19 
2 2  

2 2  

F’rofessor Bauer noted t h a t  the  shorter N=N distance i n  cis-N2F2 
is  .en t i re ly  compatible with t h e  grea te r  thermochemical s t a b i l i t y  of the cis-N2F2. 
Also, our calculated t o t a l  energies f o r  

cis-N F -535.83 ev 2 2  

trans-N2F2 -534.80 ev 

confirm the  experimental order of thermal s t a b i l i t i e s  

cis-N F > trans-N F 2 2  2 2  

A f i r t h e r  discussion of some of the sa l i en t  r e su l t s  of these  par t i -  
cu la r  species i s  elucidating. For NF we had a l s o  performed a Pariser-Parr-Pople- 
type SCF open-she1121J22 (including efectron repulsion) calculation f o r  the  
7-orb i ta l s  only of NF2 assuming t h a t  t h e  unpaired electron and a pa i r  of electrons 
on each f luor ine  were i n  a 7 -o rb i t a l  with a node i n  the  plane of t h e  molecule. 
We reasoned t h a t  i f  we were for tuna te  enough t o  make reasonable approximations 
f o r  t he  core, the appropriate valence s t a t e  ionization potentials and the  electron 
repulsion in tegra ls ,  we might a r r ive  a t  a nearly correct value f o r  t he  calculated 
ion iza t ion  poten t ia l  of m2 which we could check with the  experimentally measured 
value. 
po ten t ia l s  calculated by t h e  Pople-SCF method, we calculated the  ionization 

Applying the  usual correction f ac to r  necessary f o r  7-electron ionization 



potent ia l  of NF2 t o  be 11.83 ev, i n  excel lent  agreement with the  experimentally 
measured value of 11.8 ev. 
ionization poten t ia l  i s  no longer equal t o  the  negative of the  o rb i t a l  energy of 
the  highest occupied molecular o r b i t a l  but instead must be calculated from the 
differences i n  the  t o t a l  energies of the  species and i t s  posi t ive ion. (The same 
holds t rue  i n  calculat ing electron a f f i n i t i e s . )  
l i n g  terms between open- and closed she l l s  i n  the  species, one solves two pseudo- 
eigenvalue equations. Without applying any correction fac tors ,  we calculated the  
the electron a f f in i ty  of NF2 as  1.64 - t h i s  quant i ty  i s  as  yet  unmeasured. 

t ed  t h a t  the  highest occupied molecular o rb i t a l  (HOMO) (which was s ingly f i l l e d )  
was indeed a -rr-type o r b i t a l  i n  the NF2 radical .  
va l id i ty  of computing the ionizat ion poten t ia l  from the Pople-SCF ?T-electron 
energies. 

When one i s  dealing with open-shell species, t he  

This is because, due t o  the  coup- 

The r e su l t s  of the  three-dimensional Hffckel calculat ion a l s o  indica- 

This would lend support t o  the 

Three-dimensional Hffckel calculat ions l ed  t o  the  in t e re s t ing  
correlat ion with s t re tch ing  frequencies sham ea r l i e r ,  trans-NP2 having both a 
greater  s t re tching frequency and bond order than cis-Ng2. 
orders f o r  these two isomers a re  nearly ident ica l  the t o t a l  overlap populations 
are s ign i f icant ly  d i f fe ren t .  

Whereas the N-F Tr-bond 

We had a l so  performed Pariser-Parr-Pople-SCF 7T-electron only calcula- 
The coef f ic ienk  of the atomic o rb i t a l s  i n  the four  t ions  on the  two N2F2 isomers. 

r-type molecular o rb i t a l s  of t h e  three-dimensional treatment a re  extremely close 
t o  the  coef f ic ien ts  obtained i n  both the Hffckel-8 and Pople-Sm %electron only 
calculat ions on both isomers. The calculat ions a l so  indicate  t h a t  the HOMO is  not 
a %type o rb i t a l ;  however lying immediately above and below the HOMO a re  two IF-type 
orb i ta l s .  

3 
From the  three-dimensional Hffckel calculat ions the  order found fo r  

the o r b i t a l  energies agrees with tha t  expected: 
which may be associated with t h e  three bonds and the  lone pa i r s  on f luorine;  the 
highest occupied leve l ,  f i na l ly ,  corresponds t o  the  lone pa i r  on nitrogen. This 
i s  exactly the  same order found i n  our rigorous SCF calculat ion using gaussian 
basis  orb i ta l s .  

above the  four inner-shel l  l eve ls  

Thus, fo r  general descriptions of bonding i n  N-F compounds a three- 
dimensional Hffckel treatment leads t o  r e s u l t s  consis tent  with the  propert ies  and 
behavior of knawn NF compounds and thus gives promise of being appl icable  t o  the 
prediction of the  propert ies  of new compounds. 
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The L a t t i c e  Energy of Nitroeen Pentoxide 

R. 11. C u r t i s  and J .  N .  Wilson 
S h e l l  Development Company 

Eneryvi l le ,  Ca l i fo rn ia  

In t roduct ion  

14s an i o n i c  c r y s t a l  N205 Ls unusual i n  s e v e r a l  r e s p e c t s .  
a l a y e r  s t r u c t u r e  i n  iihich each i o n  i s  susrounded by only three neighbors of 
oppos i te  charge r a t h e r  t han  t h e  more usua l  coord ina t ions  sphere  of s i x  o r  e i g h t  
neighbors.Tho h e a t  of format ion  i s  q u i t e  small ,  t h e  vapor p re s su re  i s  high ( 5 h  
a t  0 ° C )  and t h e  gaseous molecule is  covalent r a t h e r  t han  ion ic .  
p lus  t h e  poss ib le  e f f e c t s  o f  charge d i s t r i b u t i o n  wi th in  both ca t ion  and anion 
i n d i c a t e  N205 t o  be a p a r t i c u l a r l y  i n t e r e s t i n g  example f o r  app l i ca t ion  of t n e  
i o n i c  model of l a t t i c e  energy. 

The Heat of Formation of N O 3  

It  possesses 

These f a c t o r s  

I n  applying t h e  Born-Haber cyc le  t o  N205 t o  determine t h e  l a t t i c e  
energy it i s  found t h a t  the hea t  of formation of the n i t r a t e  ion i s  t h e  only  
q u a n t i t y  for  vihich an exper imenta l  value is no t  ava i lab le .  This quan t i ty  i s  
obtained from ca lcu la t ed  l a t t i c a  ene rg ie s  of t h e  a l k a l i  meta l  n i t r a t e s .  
ranging  from -78(l) t o  -%(2) have been r epor t ed  of ah ich  t h e  average of -84 
lical/mole due t o  Ladd and Lee(2) is  probably the most r e l i a b l e .  
eva lua t ions  of t h e  n i t r s t e  ion  h e a t  of formation,a s impl i f i ed  c r y s t a l  s t r u c t u r e  
i s  implied i n  which t h e  n i  r t e  group i s  t r e a t e d  a s  a po in t  charge ion. 
though Topping and ChapmanT38 considered NO; as  Nis03-2 i n  NaNO, we have fe l t  it 
d e s i r a b l e  t o  cons ider  a v a r i a b l e  charge d i s t r i b u t i o n  i n  a t  l e a s t  one case,  CLNO,, 
where more recent  da t a  a r e  ava i l ab le .  

Values 

In  a l l  t hese  

k l -  

Since t h e  n i t r a t e  i on  is not s p h e r i c a l l y  symmetric, t h e  value calcu- 
l a t e d  f o r  t h e  h e a t  o f  formation of n i t r a t e i o n f r c m  a l a t t i c e  energy w i l l  depend 
i n  gene ra l  on t h e  charge d i s t r i b u t i o n  assigned wi th in  t h e  ion .  I f  t h e  charge 
d i s t r i b u t i o n  on t h e  ion  i n  t h e  c r y s t a l  d i f f e r s  from t h a t  i n  t h e  f r e e  ion ,  then 
t!ie ca l cu la t ed  hea t  of formation i s  l i k e l y  a lso t o  be d i f f e r e n t  i n  scme degree 
from t h e  t r u e  h e a t  o f  formation of t h e  f r e e  ion .  
d i s t r i b u t i o n  does not  change apprec iab ly  from one n i t r a t e  c r y s t a l  t o  another, a 
l a t t i c e  energy ca l cu la t ed  f o r  N20, or some o t h e r  n i t r a t e  from the Born-Haber 
cyc le  should. s t i l l  be meaningful. 

Nevertheless,  i f  t h e  charge 

(4  1 Cesium n i t r a t e  c r y s t a l l i z e s  a t  room temperature i n  a hexagonal 
l a t t i c e  bu t  t h e  s t r u c t u r e  has  n o t  been determined. hbove 1 6 0 " ~  it e x i s t s  i n  a 
cubic modi f ica t ion  con ta in ing  e i g h t  molecules per  u n i t  c e l l .  The s t r u c t u r e  of 
t h i s  form i s  known(5) and i s  the b a s i s  for c a l c u l a t i o n  w i t h  l a t e r  
t o  25°C. The e l e c t r o s t a t i c  energy of CsN03 Bas computed(s) f o r  seve ra l  assumed 
n i t r a t e  i o n  charge d i s t r i b u t i o n s  and a f t e r  c o r r e c t i n g  f o r  t h e  e l e c t r o s t a t i c  
self energy of t h e  ion  t h e  r e s u l t s  were f i t t e d  with a second degree equction i n  
x, t h e  n i t rogen  atcm cliarge, g iv ing  t h e  Coulomb energy 

cor rec t ion  

E, = -150.40 + 0.534X - 0.g79X2 K cal/mole. (1) 

I 

i 

I' 

1 



This method of c a l c u l a t i n g  t h e  Madelung energy appears t o  be much simpler and 
f a s t e r  than t h a t  of der iv ing  an a n a l y t i c a l  func t ion  of point charges and multi-  
po le  terms e s p e c i a l l y  wi th  more ccmplex s t r u c t u r e s .  

Equation (1) is r e l a t i v e l y  f l a t  betneen t h e  l i m i t s  x = +1 and x = 0 
uhich correspond, r e spec t ive ly ,  t o  a simple resonance hybrid f o r  t h e  n i t r a t e  
ion and t o  p lac ing  t h e  u n i t  nega t ive  charge on t h e  oxygen atoms n i t h  a n e u t r a l  
n i t rogen  atom. 
unimportant. 
which l eads  t o  E This  is almost exac t ly  t h e  value E, = 
-150.5 obtained gy assuming a simple monomolecular u n i t  a l l  of t h e  C s C l  type 
v i t h  in te ra tomic  d i s t ance  r = 3.89A. 

The exac t  value assumed f o r  t h e  charge d i s t r i b u t i o n  i s  thus 
We s h a l l  assume x = 0.17 based on a molecular o r b i t a l  t rea tment (7)  

= -150.3 Kcal/mole. 

The non-e l ec t ros t a t i c  terms include t h e  van der  Viaals, po la r i za t ion  
z e r o  point ,  and r epu l s ive  energ ies .  
obtained 6.8 and 0.8 Kcal/mole corresponding t o  t h e  dipole-dipole and dipole- 
quadrupole energ ies  based on t h e  simple C s C l  pseudocell .  
c u l a t i o n  of t hese  terms is  poss ib l e  but does not seem j u s t i f i e d .  
t o  neg lec t  t h e  p o l a r i z a t i o n  energy. A pre l iminary  ca l cu ln t ion  i n  t h e  case of 
H20, r evea led . the  ccn t r ibu t ion  from t h i s  term t o  be q u i t e  small  and a s i m i l a r  
r e s u l t  is expected f o r  CsN03. 
i s  assumed. 

cn?/dyne, apparent ly  for t h e  cubic modification, based on da tg  from Bridgman. ( e )  
Our own ex t r apo la t ion  of Bridgman's r e s u l t s  l e a d s  t o  p = 5.0 - 0.2 x 10-12crf?/c@s 
f o r  t h e  room temperature (hexagonal) form and we a re  anare of no d i r e c t  measure- 
ments on t h e  high temperature f o r m .  However, t e s t r u c t u r a l  d i f f e r e n c e  betneen 

t o  apply t h e  room temperature value of p t o  t h e  cubic form. 
t h i s  value of p t o  167"c appropr ia te  t o  t h e  l a t t i c e  parameters determination ne 
assume a temperature c o e f f i c i e n t  10-4 deg-l 

B dT 
t h e  a l k a l i  ha l ides .  Accordingly, a t  167"C, fi = 5.4 x 
r epu l s ive  energy, following t h e  Ladd and Lee t rea tment i s ) i s  9 .3  Kcal/mole. Tnus 
a t  167°C t h e  t o t a l  energy i s  -150.3 - 6.8 - 0.8 + 9.3 + 1.0 + Eth' -147.6+EbKcal 
where In t eg ra t ion  of t h e  hea t  capac i ty  
equation given by K e l l e y ( l o j  between 25 and 167°C g ives  t h e  d i f f e r e n c e  i n  hea t  
conten t  of 4.5 Kcal. 
compared t o  167°C so t h a t  Eth - 6RT = 5.7 Kcal/mole. 
conten t  of t h e  gas  i o n s  a t  298O.C and combining terms t h e  s tandard  hea t  r eac t ion  
is: 

Cs '(g) + NO3 

For t h e  van der  Waals t e r n s  Ladd and 

k more e l abora t e  ca l -  
We have choosen 

For t h e  z e r o  poin t  energy a va lue  of 1 Kcal/mole 

For t h e  compress ib i l i ty ,  p, Ladd and Lee r e p o r t  a va lue  of 4.6 x 

t h e  two forms of CsN03 is apparent ly  co t  g r e a t  P 4, and t h e r e  is no recourse  but 
I n  order  t o  co r rec t  

s i m i l a r  t o  t h a t  for 
rl@ = 6 - 

0-l2 cm/dyne and t h e  

is t h e  thermal ( v ' b r a t i o n a l )  energy. 

The Debye temperature f o r  CsN03 is  probably q u i t e  small 
Using 5RT as t h e  hea t  

- 
( g )  = CSNO3(c); m29e = -147.6 - 4.5 + 5.7 - 3.0 = Kcal/mole. 

Frcm t h e  Born-Haber cyc le  using ass st ndard hea t s  of formation &If(CS+) 

1 Kcal. 
= 110.1 l C ~ a l ( ~ ) ,  &-I (&NO3) = -121.5 Kcal(11'12T and t h e  above hea t  of r eac t ion ,  
one f i n d s  @Hf (NO,-f = -82.2 Kcal/mole wi th  an es t imated  unce r t a in ty  of 
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If t h e  hea t s  of format ion  of RolJO, and C,NO, a r e  revised('2)by -0.5 and -3.4 Kcal 
respec t ive ly ,  
Kc al/mole . Ladd and Lee ' s  determinations of AHf(N0,) become -86.5 and 85.4 

The Lat t ice  Energy of N20, 

&If(N205)c = -10.02. jb7 and nHf(N03-) = -82.2 21 from above g i v e s  a s  t h e  hea t  

Th i s  va lue  may be  taken  as the l a t t i c e  energy a t  0 ° K  with an added e r r o r  no t  
exceeding 0.5Kcal. 

Applying t h  orn-Haber cyc le  t o  N205 with ,&-(NO2+) = 235.5 +0.6(13) 

of formation from t h e  g a s  ions  a t  room temperature a value = -1Cl.3 f - 1.2. 

Based on the known s t r u c t u r e  0 l4 t h e  Coulcmb energy f o r  N 2 O 5  vas  ca l -  
cu la ted ,  as vJith CSNO3, by assuming s p e c i f i c  charge d i s t r i b u t i o n s  i n  t h e  ions  
NO,' and NO3 , c o r r e c t i n g  f o r  t h e  self energy and f i t t i n g  t h e  r e s u l t s  with a 
quadra t i c  equation i n  X, t h e  n i t r a t e  N atom charge and Y, t h e  nitronium N atom 
charge. Thas. 

E, = -150.65 - 5 . 2 0 ~  - 10 .63~  + 2.278x2 + 1.694XY - 1.520Y2. (2) 
There i s  ev iden t  i n  equation ( 2 )  a far g r e a t e r  dependence on charge 

Examples of t h e  Coulomb energy f o r  d i s t r i b u t i o n  than  exists i n  equation (1). 
s e v e r a l  conceivable charge d i s t r i b u t i o n s  are given i n  Table 1.. 

Table  1. CCULUdE ENFBGY OF N20z 

Configuration N Atom Charge $" Coulmb Energy 
NO3 NO2 EC 
( X I  (Y) 

iMinimum value  of E, 2.02 -2.37 -143.3 

Point charges -1 1 -157.0 

Neutral  n i t r o g e n  0 0 -150.7 

Resonance bond 1 1.67 -172.7 

Molecular Orbital( ') 0.17 0.58 -158.0 

The minimum value of E,, while having no apparent phys ica l  s ign i f i cance ,  ind i -  
c a t e s  t h e  l e a s t  energy t h a t  can be a s soc ia t ed  with t h i s  p a r t i c u l a r  hexagonal 
s t r u c t u r e .  
the l a s t  e n t r y  i n  Table 1. 
po in t  charge conf igura t ion .  

The most r e l i a b l e  r e s u l t  i s  probably t h a t  from quantum mechanics, 
This energy i s  s u r p r i s i n g l y  c lose  t o  t h a t  for t h e  

In  t h e  d e r i v a t i o n  of equat ion  (2) it vas assumed t h a t  t h e  self energy 
of each ion  and hence the charged d i s t r i b u t i o n  and in te ra tomic  d i s t ance  a r e  t h e  
same i n  the f r e e  s t a t e  and i n  t h e  c r y s t a l .  
d i f f e r e n c e  e x i s t s  for t h e  ions  i n  these  two s t a t e s .  There is evidence,(15T 
f o r  example, of a charge s h i f t  i n  t h e  n i t r a t e  ions  of molten a l k a l i  metal  

I t  is q u i t e  poss ib le  t h a t  a re 1 
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n i t r a t e s  depending on t h e  ca t ion  p o l a r i z a b i l i t y  and an even g r e a t e r  s h i f t  is  
expected i n  going t o  t h e  i s o l a t e d  ion. Unfortunately no q u a n t i t i v e  e s t ima te  of 
t h i s  e f f e c t  i s  a v a i l a b l e  but it should be noted t h a t  t h e  r e s u l t s  lead ing  t o  
equation ( 2 )  i n d i c a t e  t h a t  a d i f f e r e n c e  of only .01 u n i t s  i n  charge between gas  
and c r y s t a l  i ons  can l e a d  t o  10 Kcal d i f f e r e n c e  i n  E,. 

E r r o r s  a r r i s i n g  from such e f f e c t s  a r e  probably s m a l l  f o r  the n i t r a t e  
ion,  s i n c e  i t s  hea t  of- formation was obtained from a l a t t i c e  energy. 
formation of NO,', however,is obtained frcm t h e  ionza t ion  p o t e n t i a l  and hea t  of 
formation of N02(g);in t h i s  ca se  no cance l l a t ion  of error occurs.The agreement 
between ca l cu la t ed  and observea h e a t s  of formation sugges ts  t h a t  t h e  error frcm 
t h i s  e f f e c t  i s  probably smal l  for both ions.  

The heat of 

Tile complexity of N205 and t h e  absence of compress ib i l i t y  or e l a s t i c  

It would be d e s i r a b l e  t o  sum t h e  r e p u l s i v e  energy over 
cons tan t  d a t a  prec ludes  any r e l i a b l e  c a l c u l a t i o n  of t h e  non-e l ec t ros t a t i c  terms 
i n  t h e  l a t t i c e  energy. 
near  p a i r s  of atoms but r epu l s ive  parameters for N and 0 atoms are no t  a e l l  
e s t ab l i shed  and. doub t l e s s  depend on the charge d e n s i t y  a t  each atom. Estimates 
of t h e  van der Waals energy f ace  s i m i l a r  d i f f i c u l t i e s .  
approximation is poss ib l e .  I n  t h e  simple Born-Ivlayer expression(l '7 f o r  l a t t i c e  
energy t h e  t o t a l  non-Coulomb con t r ibu t ion  i s  given by pEc/R i n  which p i s  t h e  
exponent ia l  r epu l s ive  parameter and R is  the i n t e r i o n i c  d i s t ance .  
meter p is o f t en  t aken  a s  0.345 A,but i s  known(17) t o  range from a t  l e a s t  0.27 
t o  0.47. The minimum i n t e r i o n i c  d i s t ance  i n  N2O5 between n i t rogen  atoms of 
t h e  two ions  is 3.12A for  R.This is doubt less  t o o  small and a more e f f e c t i v e  
valiie for R i s  t h e  sum of t h e  i o n  r a d i i  f o l l o v i n g  Kapustinsliii('*) 
r(N02+) = l . j A  from Grison e t  a l ( 1 4 )  and r(NOs ) = 1.91- from Y/addington(l8) 
g ives  .j45Ec/R = 17 Kcal. 
it tends  t o  estimate t h e  r epu l s ive  energy r a t h e r  than  t h e  t o t a l  non-Coulomb 
energy. I n  i h c  c?se  of C,.i!O, :.. nimi.l : i* e s t imte  cxccec:s thz si:i,l o< i h o  repul- 
sive un6 Van der 'Yaals ene ig i e s  by a f a c t o r  n ine .  An examination of t h e  a l k a l i  
ha l ides  r e v e a l s  a g radua l  cance l l a t ion  of t h e  r e p u l s i v e  and van der Faa l s  terms 
a s  t h e  ion  s i z e s  inc rease  u n t i l  wi th  C s I  t h e  sum of t h e s e  two terms i s  nea r ly  
zero.  S ince  the i o n s  i n  N20s approximate i n  s i z e  t o  the heav ie r  a l k a l i  and 
h a l i d e  i o n s  it would appear t h a t  here  t o o  t h e r e  i s  l i k e l y  a near  cance l l a t ion  
of non-e l ec t ros t a t i c  terms. The p r i n c i p a l  evidence t h a t  the non-e l ec t ros t a t i c  
energy i s  smal l  i n  N205, however, i s  the c l o s e  agreement between t h e  experimenkd. 
l a t t i c e  energy o f  -161 Kcal and t h e  Coulomb,energy va lves  i n  Table 1: 

In  consequ nce only  an 

The pare- 

Taking 

This  estimate i s  st i l l  l i k e l y  t o  be too l a r g e  i p  t h a t  

It was remarked e a r l i e r  t h a t  an approximate c a l c u l a t i o n  had been made 
of t h e  p o l a r i z a t i o n  energy i n  N205. 
and t h u s  p o l a r i z a t i o n  may be neglec ted .  
energ ies ,  based on t h e  preceeding comments, i s  3ot l i k e l y  t o  exceed 1 0  Kcal and 
may be much smaller. 
energy t o  t h e  thermal value i n d i c a t e s  a r equ i r ed  Coulomb energy of Ec = -166i 5 
Kcallmole. I n  terms of equat ion  (2)  th i s  va lue  f o r  E, cannot be used t o  estab- 
l i s h  a unique charge d i s t r i b u t i o n  but  l e a d s  t o  r a t h e r  broad limits such as 
X = 0, Y = 1.2  2 0.4 or X = 1, Y = 1.1 f 0.4. 
charge i s  t h a t  from quantum mechanics and t h e  va lue  of E, from this charge 
assignment, -158 Kcal/mole i n  Table 1, is  c l o s e  t o  the r equ i r ed  range of -166 2 5 
Kc al/mole . 

This  e s t ima te  i s  well under 1 Kcal/mole 
The sum of t h e  r epu l s ion  and d i spe r s ion  

As an e s t ima te  we t ake  5 - 5 Kcal. Equating the l a t t i c e  

The most r e l t a b l e  assignment of 
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I n  vie,!  of t h e  p o s s i b i l i t y  of a 
t h e  f r e e  and l a t t i c e  bound ions t h i s  agreement i s  q u i t e  s a t i s f a c t o r y .  

s i g n i f i c a n t  energy d i f f e rence  a s soc ia t ed  v i t h  

,1 
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Estimated S t a b i l i t y  of 
Pe r f luoGmonium Ion and its S a l t s  

J. N. Wilson 

She l l  Development Company 
Emeryville, California 

Introduction - - _ ~  ._ -- 
The hypothetical s a l t  NF4C104 would c l ea r ly  be an excellent oxidizing 

O u r  f i r s t  
agen-c i f  it could be made. 
estimates concerning the  s t a b i l i t y  of the ion NF4+ and of its s a l t s .  
concern i s  t o  estimate the  hea t  of formation of the  perfluoroammonium ion in 
the gas phase. 

The object of the  present paper i s  t o  present some 

A rough estimate can be made on the  assumption tha t  the dissociation 
energy of a fluorine atom from NF4+ is about the  same a s  the averag 
in  NF3+. From the known hea t  of fornation and ionization potential?"? of NF3 

( a )  

we obtain 

ond energy 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - _  
See thermochemical data assembled i n  appendix. _ _ _ _ _ _ _ _ _ _ - - _ _ _ - _ _ _ _ - - - - - - - - - _ - - - - - - - - - -  

NF3' = N+ + 3F 

NF4+ = NFs+ + F &I 40 !ccal/mole 

AH = 119 i: 6 = 3 x (40 ?: 2) kcal/mole 

whence the  heat of formation of NF4+ i s  about 255 kcal/mole. 

.4n a l te rna t ive  estimate can be made by examining trends i n  the  disso- 
c ia t ion  energy of a f luor ine  atom from the  s e r i e s  of molecules CF2, CF3, CF4, 
and the iso-electronic s e r i e s  NF2+, NF3+, ( NF4+) . 
( see  appendix) a re  shown i n  the  following table. 

The somewhat uncertain data 

Dissociation Energy of Fluorine Atom from Various Species 
kcal/mole 

CF2 CF3 CF4 
133 -L 10 95 f 7 122 f 2 

74 -L 9 26 6 ? 
NF2' NF3+ NF4' 

The assumption of a p a r a l l e l  behavior in  the  two se r i e s  leads t o  an estimate 
of f o r  the  dissociation energy of f luor ine  atom from NF4+ between perhaps 40 
and 85 !tcal/mole and a heat of formation f o r  the ion of 208-253 kcal/mole. 

A search has been made f o r  the  NF4+ ion a s  a possible product of the 
ion-molec u le  reaction 

NFz' + NF3 = NF4' + NF2 
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i n  a mass spectrometer (Consolidated Model 2l-lO3A). 
the p a r t i a l  pressure of 200 microns Hg of NF3 i n  the sample reservoir ,  w i t  
ionization chamber operating a t  260°C and with 70 vo l t  ionizing electrons .pa) 

Observations were made a t  
the 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
( a )  These experiments were carr ied out by D. 0. Schiss le r  and P. A. Wadsworth 

of these laborator ies ,  whose assis tance is  gra te fu l ly  acknowledged. 

No formation of NF4+ was observed though in  an experiment with CD4 under s imilar  
conditions the ion CDS+ was c lear ly  detected. 
CD4 and NF3 each at  200 microns p a r t i a l  pressure, CP5+ and NF3D+ were c lear ly  
observed but no t race  of NF4+ was found. 
endothermicity of the reaction wri t ten above, then AHf(NF4+) is  not  much l e s s  
than 230 kcal/mole. Observation of the ion NF3Df implies, on the  other hand, 
AHf(NFd+)  < 225 kcal/mole. 
D(NF3+-H) > 100 kcal/mole; the dissociat ion energy of H from the ions NH+ t o  
NH4+ i s  known t o  f a l l  i n  the range 120-135 kcal/mole. 

NF4+ is  grea te r  than 225 kcal/mole, and probably l e s s  than 260 kcal/mole. 
implies t ha t  dissociat ion of NF4+ i n t o  NF3+ and F should be endothermic by 35 
t o  65 kcal/mole, and dissociat ion t o  NF2+ + F2 endothermic by 15  t o  60 kcal/mole. 
The increase of entropy in  the l a t t e r  dissociat ion is  estimated about 45 e.u.; 
t h i s  w i l l  contribute -13.5 kcal/mole t o  the standard f r ee  energy of dissociat ion 
aT, 300°K and -24 kcal/mole a t  260°C. 
F2(g) thus appears unlikely a t  300°K but m y  be possible a t  moderately elevated 
temperatures and low pressures. 

I n  a s imilar  experiment with 

I f  f a i lu re  t o  f ind  NF4+ is  due t o  

This corresponds t o  a dissociat ion energy 

I t  seems then reasonable t o  conclude tha t  the heat  of formation of 
This 

Decomposition of NF4+(g) i n t o  NF2+(g) + 

Let us turn now t o  the question of the l a t t i c e  energy of s a l t s  o f -  
For te t rahedral  ions such a s  t h i s  one, the simplest approac , though an NF4+. 

approximate one, i s  t h a t  proposed many years  ago by Kaputinskii.(lf He assumed 

(1) 
_ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ - - - - - - - - - - - - - - - -  

Kaputinskii, A.,  Z .  Physik. Chem. E, 257 (1933) and subsequent papers 
reviewed by him in  Quart. Revs. E, 284 (1956). 

tha t  f o r  s a l t s  made up of combinations of spherical  o r  te t rahedra l  ions the 
1at t ice .energy could be well approximated by assigning t o  the c rys t a l  s t ruc ture  
(usual ly  unknown) a Madelung constant equal t o  t h a t  of sodium chlor ide and 
estimating the repulsive contribution t o  the l a t t i c e  energy by a Born-Mayer 
expression s imilar  t o  t h a t  which holds approximately f o r  the a l k a l i  halides. 
These assumptions lead t o  the following expressions f o r  the l a t t i c e  energy U: 

m) kcal/formula w t .  
v+v- 

= 290.2 n R+ + R - R+ + R- 
p = Madelung constant = 1.7475 f o r  NaCl 
n = Number of ions per  formula 
v = Ionic charge in  un i t s  of e lectronic  charge 
R = Effect ive ionic radius  
p = Born-Mayer repulsion parameter (exponential repulsive 

po ten t i a l ) .  
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This expression has turned ou?; t o  be remarkably useful fo r  correlat ing the 
heats  of fornation of the salts of te t rahedral  ions, provided su i tab le  values 
a re  asaumed for  the "ionic r a d i i "  R+ and R-. 
and h i s  co-workers t h a t  these quant i t ies  a re  not necessar i ly  equal t o  tine 
packing r a d i i  of the ions i n  the ac tua l  s t ruc ture  of the crystal ;  a s  a conse- 
quence they have come t o  be known a s  thermochemical r ad i i .  
radius  and heat of formation f o r  a te t rahedral  ion a re  normally determined 
from equation (1) and the  known heats  of formation of two of its sa l t s .  

I t  was recognized by Kapustinskii 

The thermochemical 

In  order t o  appl r  (1) t o  the hypothetical s a l t s  01' NF4+ it is neces- 
sary t o  estimate a thermochemical radius  fo r  t h a t  ion. We have found tha t  a 
f a i r l y  good correlet ion e x i s t s  f o r  a number of symmetrical te t rahedral  ions 
BX,  between the thermochemical radius  RK and the  sum of ( a )  the internuclear 
distance R(B-X) between the cent ra l  atom of the ion and one of i t s  ligands and 
(b )  the van der Waals radius ,  Rw(X) of the ligand. This correlat ion,  shown in 
Figure 1, i s  described approximately by 

R ~ ( B X ~ - ~ )  = (0.75 * 0.07) i  + (0.55 O.@4)(R(BX) + R w ( X ) )  

v i t h  van der Waals r a d i i  1.35 and 1.41 Ji assigned t o  F and 0 respectively. 
form of t h i s  correlat ion testif ies t o  the a r t i f i c i a l  character of the thermo- 
chemical r a d i i  Rr;. 

The 

The N-F distance i n  NF3 i s  reported t o  be 1.37 i(2); the  M-C distance 
_ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ ^ _ _ - - - - - - - - - - - - - - - - - - -  

(2 )  Interatomic Distances, L. E. Sutton, ea., The Chemical Society, London 

in  the appryximateljr t e t rahedra l  complex (CH )3N:BF3 is reported a s  1.50 i, 
about 0.03 A l a rger  than in  trimethylai@ne( 2?. A recent  x-ray crystallographic 
study of (CH3)4N+Br- 
methylautnonium ion.c3f Ve therefore  take the N-F dis tance i n  NF4+ a s  1.40 A. 

(1958) 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ^ _ _  

ave 1.50 r 0.02 A a l s o  a s  the  N-C distance in  the tetTa- 

(3)  

From -this and (2)  we obtain a thermochemical radius  of 2.26 1; f o r  the perfluoro- 
ammonium ion. 

Johnson, Q. C., USAEC, University of Cal i fornia  Radiation Laboratory 
Report No. 9350 (1960). _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - -  

S t a b i l i t y  of Perfluoroammonim S a l t s  

NF4+F-: The l a t t i c e  energy in  t h i s  approximation is  147 kcal/mole 

y ie lds  -60.7 kcal/mole fo r  the heat 

( t he  Goldschmidt radius of 1.33 1 fo r  f luoride ion was used in  t h i s  computation 
since these r ad i i  were used by Kaputipgfii) . The recent  photodetachment value 
f o r  the electron a f f i n i t y  of f luorine 

(4 )  

of formation of F-(g). 
NF4+F-(c) is  then 17 t o  52 kcal/mole. 

- - - _ - _ _ _ - - _ - - _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - -  
Berry, R. S. and Reimann, C. W., J. Chem. Phys. 3, 1540 (1963). - - _ _ - _ _ _ - - _ - - _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - -  

The calculated heat  of formation of the hypothetical 
This estimate is lowered only by 
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5 kcal/mole i f  the heat  of formation of F-(g) is estimated from the  heat  of 
formation of KF(c) and the Kaputinskii formula. 
standard heat of formation of NF3(g) + Fz(g) i s  -29.7 * 1.8 kcal/rnole; 
decomposition of the  c r y s t a l  should be exothermic by 50 t o  80 kca l /mle .  

of -88 l c c a w ' o b t a i n e d  f o r  she heat of formation of C104- from the  heat 
of formation of KC104(c). The estimated heat of formation of NF4C10 ( c )  i s  
then 21 t o  56 kcal/mole. This is t o  be compared with about -30 kcal4mole f o r  
the heat of formation of NF3( g) + FC104( g) . 
from the hkat of formation of K SO4 is -151 kcal/mole; the  calculated l a t t i c e  
energy of (NF4)2S04 is  352 kcalTmole and its heat of formation thus -53 t o  
+17 lccal/mole. For comparison the heat of formation of t h e  possible decompo- 
s i t i o n  products 2NF, + F20 + SO3 is -146 kcal/mole. The heat of formation of 
F2S04(g), i f  it exis t s ,  is not known. 

from the heat of formation of KBF4(c) (-454 kcal/mole) is -426 kcal/mole. The 
calculated l a t t i c e  energy of NF4fBF4- is 118 kcal/mole whence i ts  heat of 
formation is  -319 t o  -284 kcdmole. 

t o  -2t4 !ccal/mole i f  the  heat of fornation of BF4-(g) is taken t o  be -406 kcal/ 
nole a s  estimated from a calculat ion of the  Madelung energy of KBF4.(5) 

( 5 )  Waddington, T.C., "Latt ice Energies", Advance i n  Inorganic Chemistry and 
Radiochemistry, Vol. 1, pp. 158-221, Academic Press, New York, 1959. 

On the other hand, the 

The estimated l a t t i c e  energy is 116 kcal/mole; a value 

NF4)p+S04=: The Kaputinskii heat of fornation of SO4= estimated 

NF4+BF4-: The Kaputinskii heat  of formation of BF4-(g) estimated 

This estimate is raised t o  -299 

I t  _ _ _ - - - - - _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - -  

_ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - - - - - - - - - - - - - - - - - - - -  
seems more appropriate, however, t o  use heats  of formation estimated by the 
Kaputinskii approximation f o r  use with t h a t  approximation. 

The standard heat of formation of the  possible  dissociat ion products 

Thus, even 
NF3 + F2 + BF3 is 3Ol kcal/mole. 
c a l  c r y s t a l  i n t o  thase products i s  estimated t o  be about 120 e.u.. 
i f  the  heat  of formation of NF4+(g) I s  close t o  the estimated lower l i m i t  of 
225 kcal/mole, c rys ta l l ine  NF4BF4 should be unstable r e l a t i v e  t o  i t s  decomposi- 
t ion  products a t  temperatures about 150°K. 
heat of formation of NF4+ is above 245 kcal/mole, in  which case NFaF4 may not 
be s tab le  a t  any temperature. 

approximation and i n  t h e  estimated heat of formation of NF4+(g), it seems safe  
t o  conclude t h a t  the hypothetical  s a l t s  NF4F,NF4C104 and (NF4)~SO4 a r e  unstable 
r e l a t i v e  t o  t h e i r  possible decomposition products. 
possibly be capable of existence a t  lob1 temperatures; its estimated s t a b i l i t y  
is marginal. 

Advan-ced Research Projects  Agency, Department of Defense, under Contract No. 
DA-31-124-ARO( D) -54, monitored by the  Chemistry Division , U .  S. Army Research 
Office, Durham, North Carolina. 

The entropy of dissociat ion of the  hypotheti- 

I t  i s  possible,  however, t h a t  the  

Conclusion: Despite the uncertaint ies  inherent i n  the Kaputinskii 

The compound NF,@F4 may 

p-cknowledgnent: The work reported here was supported by the  
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APPENDIX 

Thermochemical Data 

Table 1. 

Bond Dissociation Energies D, kcal/mole 

Bond D Refs. and Notes 

NF2-F 56 f 3.5 1, 2 

NF-F ., \ Bv. 70.4 f 1 
N-F ,' 

NF-F 69 f 16 3 

NF2+-F 26 f 6 4 

23 t 11 

NF+-F 74 f 9 

CF3-F 122 f 2 

CF3-H 102 f 2 

CF2 -F - 110 

95 2 7 

C!?-F - 120 

133 ? 2 

CFz-CFz < 112 

5 

6 

7 

7 

a 
9 

a 
9 

10. 
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Table 2. 

Enthalpies of Formation (3OO"K), kcal/mole 

Substance W f ( 4  Reference 

NF3 -29.7 f 1.8 11 

NF2 8.9 f 1.7 2 

CF4 -218 2 1 12-15 

CF3 -116 Z 5 7 

C2F4 -151.8 f 1 12,16 

CF2' 247 f 2 17 

249 18 

CF2 -30 t i o  1920 

-26 f ? 21 

< -20 22 

-39 +_ 2 17 

-39 23 

CF 74.7 20 

BF3 -271.2 z 0.5 24 

-270.1 f 0.5 25 

Table 3. 7 

Ionization Potentials,  e. v. 
I 

\ Substance Iz Ref. 

NF3 13.20 c 0.2 4 

w2 11.8 f 0.1 1,6 \ 

-. CF2 5 12.4 17 

, 
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ENERGI~S 9~ ATCMJZATION FRCM POPULATION ANALYSES ON HUCKEL W A - ~  F:JI!CTIGIB 

F. S. Mortimer 

Shel l  Development Company, Emeryville, California 

Abstract 

Three-dimensional Huckel molecular o r b i t a l  (NO) ca lcu la t ions  have 
been performed on a s e r i e s  of molecules made from the atoms H, C, N ,  0, F, 
and C1. Mulliken population analyses on the  ground-state wave functions for  
:he valence e lec t rons  have been r e l a t ed  empirically t o  the  observed energies 
of atomization. This i s  most successful when the  compounds a r e  f i r s t  divided 
i n t o  two classes,  those containing carbon and those without carbon. The popu- 
l a t i o n  ana lys i s  is c a s t  i n  t h e  form of a charge density-bond order matrix, p, 
f o r  a l l  t h e  valence e l ec t rons  and f o r  the n-electrons separately,  i n  the  case 
of planar molecules. The energy of atomization, Eatom, i s  then approximated as :  

where pclv are  interatomic overlap populations and pcv a r e  the  corresponding 
rr-overlap populations. The are e lec t ronegat iv i ty  differences for  bonded 
atoms. The second sumat ion%fv  over net pos i t ive  values only. For 40 compounds 
i 7 0 t  containing carbon the  observed Eatom a r e  f i t  with a mean deviation of 11.1 
kcal/mole. For the  22 compounds of carbon 
t h a t  were studied a l l  t h ree  constants a r e  needed, B being negative. The bes t  

Only constants A and C a re  needed. 

f i t  requi res  a weighted function of L W P v  and even then the  mean deviation 
near ly  twice t h a t  found f o r  t he  compounds not containing carbon. 

Introduction 

The present study was i n i t i a t e d  t o  see t o  what extent empirical 
molecular o rb i t a l  (KO) theor ies  of the  Huckel type can provide information 
%ne thermodynamic s t a b i l i t y  of a hypothetical  unknown compound. The t e s t ,  
:ouTse, has t o  be made on known compounds. O u r  i n t e r e s t s  have centered on 
compounds involving atoms such as N, 0, F, and C 1  but compounds with C and 
nave also been included. The r e s u l t s  thus f a r  have been encouraging. 

is 

on 
of 

H 

I t  was from the  papers of Lipscomb, Lohr, Hoffmnn, e t  t h a t  
w e  f i r s t  learned of t h e i r  work on an "extended" Hifckel theory f o r  polyatomic 
molecules. We a l s o  benefited from a v i s i t  t o  Harvard t o  discuss t h i s  work 
before t h e i r  computer program became generally available.  
is based on what we learned from them a t  t h a t  t i m e  and on our experience since 
then i n  applying it t o  o u r  pa r t i cu la r  types of molecules. 

Xulliken and h i s  co-workers, i n  pa r t i cu la r  the  1955 series71 on population 
ana lys i s  of LCAO-MO wave functions and i t s  r e l a t ion  t o  energies of atomization. 
As was suggested by Mulliken,8) we have attempted t o  r e l a t e  t he  calculated 
overlap populations t o  t h e  energy of atomization 
cor rec t ions  for  the p o l a r i t y  of t he  bonds. 

O u r  computer program 

The other major influence in  the  work has come f romthe  papers of 

f o r  the molecule, with 

1 

1 

,--- 
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Three-Dimensional Huckel Theoq 

t o t a l  of P valence-shell e lectrons.  We seek a set of molecular o r b i t a l s  
(LCAO-MO'S), J r ,  t h a t  a r e  linear combinations of atomic o r b i t a l s  centered on 
the atoms i n  the molecule. Since we s h a l l  not ignore overlap, the  geometry 
of the molecule m u s t  be known or one must guess it. The molecule is placed 
i n  an a rb i t r a ry  Cartesian coordinate system and the  coordinates of each atom 
a r e  determined. s and p Slater-type o r b i t a l s  (STO's) make up the  bas i s  and 
as  indicated above we r e s t r i c t  ourselves t o  the  valence-shell e lectrons for  
each of the atoms in  the  molecule. 
r a d i a l  p a r t  of the function:9)10) 

The theoryl4) w i l l  be outlined f o r  molecules having n atoms with a 

The STO's have the following form for the  

R( r) = N r m  exp( -tr/aH) (1) 

where N is a normalization f a c t o r  
m = 0 f o r  1 s electrons,  1 f o r  2 s or  2 p electrons and 2 f o r  

3 s or  3 p electrons 
5 = o r b i t a l  exponent 
aH = Bohr radius  = 0.529175 A. 

The mathematical representation of the b a s i s  is needed only f o r  the  calculat ion 
of the overlap matrix, which it i s  assumed gives a good representation of the 
tendency t o  form a bond. 

I f  9 i s  a row vector of the atomic o r b i t a l s  t h a t  make up the basis:  
ijl,  q2 ---Q~, then the molecular o r b i t a l s  a r e  given by an NxN matrix, 'y, 

Ifl-s. (2) 

- C i s  a transfDrmation matrix t h a t  s a t i s f i e s  the equations: 

E = =  
- -  C'SC = 1 

and 
( C ' i j  = C j i )  

- E is  a diagonal matrix of the o r b i t a l  energies and S is the overlap matrix of 
the atomic orbitals, lO) 

( 5 )  
I 

S L j  = j  V i V j d T .  

I t r e f l e c t s  the known o r  assumed geometry of the molecule. 

The Hamiltonian matrix, g, is approximated i n  the following way. 
The diagonal elements are e f f ec t ive  valence-state ionization po ten t i a l s  f o r  
the s and p electrons of the atom i n  question. 
calculated according t o  one of the  following options:12) 

The off-diagonal elements a r e  

K, acd K2 a r e  adjustable  parameters having an empirical val.ue of ca 2.0. 
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i? population analysis7) is performed and a "charge dersity-bond order" 
matrix is calculated. 
"gross atomic populations" ( i ts  t race  is  P) . 
"overlap populations". 
NxN whose elements a r e  

The la t ter  is an nxn matrix whose diagonal elements a r e  
The off-diagonal elements a re  

I t  is convenient t o  define a matrix, 3, of dimensions 

R i j  = .Z n(k) Cik C'kj . 
k 

n(k) is t h e  occupation number of the  kth MO, i . e . ,  2, 1 o r  0. 
t he  charge density-bond order Eatrix, p, can then be written:7) 

The elements of 

The ZP means t h a t  the  sum goes over the atomic o r b i t a l s  associated 
with the  pth atom. 
o r b i t a l  i i s  on the  pth atom and o rb i t a l  j is on t h e  vih atom. As indicated 
above, it can be shown t h a t :  t r ace  (2%) = P. 

S imi la r ly ,  Cpv means t h a t  t he  sum 'ncludes a l l  terms where 

The individual diagonal elements of Q can be associated with the 
atomic charges, qP: 

I 

q,, = Pp - Ppp ( 10) 

xhere p,, is the number of valence-shell e lec t rons  contributed by the pth atom. 

I f  the molecule has a %-system t h a t  is completely separated by 
symmetry from the  +system a separate rr-electron p-matrix is a l s o  calculated 
from the x-NO.",O's. 

The H i t ' s  are a c t u a l l y  a function of t he  appropriate qp and when these 
a r e  d i f f e ren t  from zero it is possible t o  rrake H(q) consistent with the  calcu- 
l a t ed  qyts  by an i t e r a t i v e  procedure. 
-,:irough t h e  dependence of t he  o r b i t a l  exponents on q and these a r e  a l s o  a l te red  
2er iodica l ly  during the  course of t he  perturbation. 

Parameters f o r  t h e  Calculations 

The values f o r  t he  valence-state ionization poten t ia l s ,  Iv, a d t h e i r  
dependence on charge were obtained from the  work of Hinze and Ja f f6  .13714) 
The values tha t  have given the  bes t  overa l l  r e s u l t s  a r e  those f o r  ionization 
from sB1ty p2 configurations.  From the o r ig ina l  t a b l e s  of Hinze, Whitehead and 
J a f f 6  , values of Iv were calculated f o r  the  neu t r a l  atom, A, and f o r  A+ 
and A-. 
vds used t o  in te rpola te  f o r  any intermediate value of t he  charge. 
t he  values used f o r  t h e  atoms of i n t e r e s t  and the  equations as a function of 
diarge . 

Orbi ta l  exponents 
t he  paper of Clementi  and Raimondi.ll) 
sssumed t o  be t h a t  given by S l a t e r ' s  formulas f o r  o r b i t a l  exponents.9) 

The S matrix i s  a l s o  a function of q 

These values never qu i t e  l i e  on a s t r a i g h t  l i n e  so  a simple parabola 
Table 1 gives 

for ca lcu la t ions  (Table 1 )  have been taken from 
Their dependence on charge has been 

Various 
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values c'i' K and t h e  option of the ari thmetic or geometric mean (equations 6 
and 7) have been t r i e d  and the  r e s u l t s  c i t ed  here are a l l  f o r  the  geometric 
mean (6) and f o r  K1 = 2.0. 

Results -- 

Sixty-two molecules made up of H, C,  N ,  0, F and C 1  have been used 
t o  Lest various re la t ionships  between calculated quan t i t i e s  and the  observed 
energies of atomization, Eatom. 
contained carbon. 
f icance of various re la t ionships  of the form: 

Of these, 40 contained no carbon atoms and 22 
Multiple regression techniques were used t o  t e s t  the signi-  

Eatom = * ',& Ppv + B *&  P&, + C.f(A$v). 

The sums of off-diagonal elements from the calculated charge density-bcnd order 
matrix, 1, were considered both a s  ne t  pos i t ive  and ne t  negative elements sepa- 
r a t e l y  and combined. 
A l l  fi-electron overlap populations a re  included i n  the  f i r s t  term, but the  net 
pos i t ive  ones only a r e  considered separately a s  a second term. 
intrcduces some function of the  po la r i ty  of t he  molecule, f(AX,,). Approximate 
Coulomb energies were calculated f o r  each molecule from the gross atomic charges, 
a.p. These were t r i e d  a s  a t h i r d  term but they were only moderately successful 
as a po la r i ty  function. 

No s ign i f i can t  advantage t o  separating them was found. 

The l a s t  term 

Much more successful was one of the Paulingl5) type: 

where a;[ll, i s  the difference between the  e lec t ronegat iv i t ies  of the  bonded 
atoms, p and Y .  

determined s o  as t o  give a bes t  f i t  t o  t he  data. 
Table 2; Pauling's valuesl5) a r e  a l s o  given f o r  comparison. 
of C ( i n  equation ll), however, was always less than half  the  value of 30 
kcal/mole t h a t  was used by Pauling i n  deriving h i s  e lec t ronegat iv i ty  sca le  

A sca le  of e lec t ronegat iv i t ies  similar t o  P a d i n g ' s  was 
This sca le  is given i n  

The optimum value 

A second closely-related po la r i ty  function has some advantages f o r  
t he  compounds of carbon: 

b is the number of bonds i n  the  molecule and the  sum is over ne t  o s i t i v e  
values of overlap population. fc, then, i s  the  Pauling function, fFJ weighted 
by theaverage bond overlap population. This was found t o  be important f o r  
strong covalent bonds such as occur i n  C02 but i t s  use f o r  weakly covalent 
'ionds such as those i n  C1F3 leads t o  an underestimation of t h e i r  s t a b i l i t y .  
An advantage t o  an a l t e r ed  set of e lec t ronegat iv i t ies  was a l s o  found. This 
s e t  of e l ec t ronega t iv i t i e s  is a l s o  given i n  Table 2. 

Table 3 gives a summary of the  results of using equation 11 as a 
representation of t h e  energies of atomization f o r  the  sixty-two test  molecules. 
Xesults a r e  quoted f o r  both po la r i ty  functions, f p  and fc. When t h e  e n t i r e  
;et  of molecules is tested,  f c  seems t o  be the  preferred function; however, 
r? is de f in i t e ly  superior f o r  the  compounds without carbon and f c  and t h e  
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a l t e r n a t e  e lec t ronegat iv i t ies  a re  superior f o r  t h e  C compounds. 
l a t i o n s  t o  other molecules it would seem des i rab le  to use f p  f o r  cornpounds with-  
ou t  carbon and f c  and t h e  a l t e r n a t e  e lec t ronegat iv i t ies  f o r  those w i t h  carbon. 
It  i s  in te res t ing  t h a t  t h e  A-value is considerably l a r g e f o r  carbon compounds 
t h m  f o r  others.  
B, must r e f l e c t  t h e  pa r t i cu la r  s t a b i l i t y  of the  te t rahedra l  hybrid o r b i t a l s  used 
by carbon. 
calculated accordhg t o  t h e  preferred formula. 

For extrapo- 

This, plus t h e  need for  a r e l a t ive ly  l a r g e  negative value for 

Tables 4 and 5 give the  r e s u l t s  f o r  t h e  sixty-two compounds each 

Only a fev ca lcu la t ions  have thus f a r  been performed on unknown 
compounds, o r  on compounds whose energy of  formation has not been reported. O u r  
estimates f o r  these  a r e  given i n  Table 6. For NC13, which is  ~ O Y M  t o  be unstable 
ve estimate a pos i t ive  energy of formation of  +34 kcal vrhile NF3 which i s  s t ab le  
is  Itnovn t o  have a negative value of -31.9. CH3NC12 and (CH3)2NCl both of which 
a r e  r e l a t ive ly  s t ab le  have calculated energies of f rmation of  -2 kca l /mle  and 

have a square pyramidal s t ruc tu re  analogous t o  BrF5, is predicted t o  have an 
energy of formation of  -48 kcal/mole and t h e  hypothetical molecule Ne, assumed 
t o  be an analogue of benzene, is predicted to have a pos i t ive  energy of for- 
mation of +log kca l /mle .  It would thus be qui te  unstable r e l a t i v e  t o  3 Icoles 
sf NP, which probably explains why the  compound has not been made. It would 
appear t h a t  were it not f o r  repulsions between the  lone pairs,  t he  m l e c u l e  
might be s tab le .  

-6 kcal/nole respectively.  The recently-reported16 3 molecule CIFS, assumed t o  
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Table 1. ORBITAL EXPONENTS, (, AND EQUATIONS FOR f i i i  

H i i  = - 1 ~  -Aqi -Bqi2 

Atom Orb ita1 
I_ 

H Is 
C 2s 

2P 
N 2s 

2P 
0 2s 

2P 
F 2s  

2P 
c1 3s 

3P 

c 

1.6083 
1.20a) 

1.5679 
1.9237 
1.9170 
2.2458 
2.2266 
2,5638 
2.5500 
2.3561 
2.0387 

I, 

13. 20a) 

19-52 
9.75 

25-58 
12.38 
32 - 30 
14.61 
39.42 
18.31 
25.23 
1 3  92 

A 

12.85 

10.86 

- 
11-75 

13-31 
13-09 
15.35 
14.77 
17.27 
16.62 
11.48 
10.44 

B - 
- 

1.15 

1.78 
1.55 

1.54 
1.49 
2.17 
2.21 

1.85 
0.70 
0.24 

a) I, is a l t e r ed  so t h a t  the  ionization poten t ia l  of X2 is noderately well  
reproduced, and 5 t o  agree with values used in t he  bes t  simple LCAO 
treatments of H2. 

Table 2. EFFECTIVE AMMIC ELECTFONEGATNITIES 

15) Electronegativity 
Atom - (a) - (b) Paulinn Scale - 

H 

c 
N 
0 

F 

c1 

1.70 1.7 
- 2.3 
3.10 2.85 
3.45 3.45 
4.08 3.95 
2.90 3.0 

2.1 

2.5 
3.0 
3.5 
4.0 

3.0 

( a )  Determined f o r  coinpounds not containing carbon. 

(b) For conpounds of carbon. 

They are  indicated as 
being s ign i f i can t  t o  2 0.05 t o  0.1 un i t .  

Significance is ca 0.1 uni t .  
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TABLE 4. CALCULATEC AND OBSERVED ENERGIES OF ATOMIZATION (ENATI 
FOR COMPOUNDS WITHOUT CARBON. MEAN DEVIATION= 11.1 KCAL/MOLE. 
ELECTRONEGATIVITIES - H= 1.70, C =  2.309 N= 3.101 U= 3-45,  F r  4.08, 
CL= 2.90 

COMPOUND 

ti2 
N2  
02 
F2 
CL 2 
NH3 
OH 
H2 0 
HF 
HCL 
NO 
N2 O 
NO2 
N20 3 
N204 
N205 
FNO 
CLNO 
FN02 
CLNO2 
FONO2 
NF 
NF2 
T-N2F2 
C-N2F2 
T-N2F4 
G-ti2F4 
NF3 
0 3  
OF 
F20 
F202 
F203 
OCL 
CL2O 
CL02 
CLO3 
CL2O7 
CLF . 
CLF3 

SUM OVERLAP POPULATIONS SUM BCNO 
ALL VALUES + P I  ONLY (DELTA X l * * 2  

0.794 
1.791 
0.854 
0.281 
0.484 
2.105 
0.685 
1.303 
0.612 
0.717 
1.205 
2.482 
1.951 
3.303 
4.110 
4.634 
1.528 
1.505 
2.277 
2.268 
2.681 
0.543 
1.046 
2.C60 
2.054 
2.438 
2.438 
1.489 
I .  3 3 6  
0.392 
0.739 
1 227 
1'. 680 
0.573 
0.812 
1.140 
1.527 
3.347 
0.368 
0.622 

0. 
0.905 
0.170 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0.417 
0.918 
0, 420 
0.750 
0. 765  
0.728 
0.376 
0.373 
0.330 
0.375 
c. 344 
0.077 
0.074 
0.402 
0.403 
0. 
0. 
0. 
0.249 
0, 
0. 
0. 
0. 
0. 
0. ' 

0. 
0. 
0. 
0. 
0. 

0. 
C. 
0. 
0. 
0. 
5.880 
3.062 
6.125 
5.664 
1 0 4 C G  
0.122 
0.122 
0.245 
0.367 
0.490 
c.735 
1.083 
G.  162 
I .205 
0.285 
0.764 
0.960 
1.921 
1.921 
1.921 
3.842 
3.842 
2.881 
0. 
0.397 
0.794 
0.794 
0.794 
0.302 
0.605 
C.605 
0.907 
2.420 

4.177 
1.392 

E N A T  (OBS 1 
K C  AL /MOL E 

110.5 
229.3 
121.4 
39.0 
59.7 

300.8 
107.4 
234.3 
141.5 
107.3 
153.4 
272.6 
229.0 
394.5 
472.0 
536.2 
2 1  1.6 
192.8 
278.1 

316.6 
7 1  .O 

144.0 

254.8 

316.5 
206.0 
149.7 
53.0 
95.0 

156.5 
219.0 

103.0 
126.6 
177.0 
437.0 

62.3 
128.8 

262.9 

251  a4 

316.5 

65.0  

E N A r  ICALC 1 
KCAL/MOLt 

92.1 
207.7 

99.1 
32.6 
56.1 

312.6 
115. I 
222.4 
136.9 
99.9 

141.2 
289.3 
229.1 
587.4 
482.4 
546.0 
189.8 
176.5 
278.1 
266.4 
319.9 

74.2 
143.7 
261.3 
260.6 
527.5 
327 5 
206.2 
155.0 
50.1 
94.9 

151.6 
204. 1 

70.0 
101.2 
139.3 
187.7 
416.4 

58 -9 
12G.7 
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TABLE 5. CALCULATED AND OBSERVED ENERGIES OF ATOMIZATION (ENAT) 
F O R  COMYOUhiDS OF CARBON. M E A N  DEVIATION= 17.3 KCAL/MOLE. 
ELECTRONEGATIVITIES - H= 1.70, C= 2.3C. N =  2 - 8 5 ,  (3= 3 -45 ,  F= 3.95, 
CL= 3.00 

SUM OVERLAP POPULATIONS SUM WT BOND ENAT(OBS1 ENATlCALCI 
COMPOUND ALL VALUES + P I  ONLY (DELTA X) *+2  KCAL/MOLE KCAL/MOLE 

c 2  
CH4 
C2H6 
C3H8 
C4H IO 
c3 
CN 
I C N I 2  
C4N2 
FCN 
CLCN 
CO 
C O 2  
C3O2 
F2CU 
CLZCO 
CF 
CF4 
C2F4 
C2F6 
CCLF3 
CCL4 

1.738 
2.99 1 
5.025 
7.056 
9.087 
2.978 
1.741 
4.451 
7.197 
2.434 
2.495 
1.554 
2.619 
5.149 
2.489 
2.485 
0.729 
2.550 
3.605 
4.325 
2.475 
2.338 

0.934 
0. 
0. 
0. 
0. 
1.272 
0.916 
1.970 
3.132 
0.997 
1.022 
0.790 
1.053 
2.087 
0.459 
0.470 
0.20 1 
0. 
0.500 
0. 
0.  
0. 

0. 
I .  164 
1.740 
2.319 
2.899 
0. 
0.527 
0.926 
G . 9 1 3  
5.737 
1 a 0  15 
2.055 
3.527 
3.560 
5.885 
2.067 
I .  9 8 5  
7.397 
8.398 

10.998 
5.805 
1.336 

145.0 
420.0 
710.7 

1005.3 
1300.7 

178.0 
504.0 
e01.7 
310.5 

3 2 9 . 5  

285.3 
206.0 
391.0 
654.3 
429.4 
346.8 

476.1 
582.0 

117.0 

775.0 
424.0 
310.5 

180-0  
428.1 
715.5 

10G2.7 

328-6  
190.3 
502.4 

333.9 
295.0 
198.2 
352.2 

1289.8 

8ob -a  

634.7 
4 1 0 - 5  
345.2 
120.5 
472.3 
6 0 2 - 5  
7 7 5 - 2  
435.4 
5 4  1-8 
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Table 6. ESTIMATED ENERGIES OF ATOI\IIIZATION AND 
ENERGIES OF FOEMATION FOR SOM!3 MOLECULES 

Ea ( c ~ c )  %ormat ion KIl0Ti.n 
i.,:olecule kcal/mole kca l /mle  S tab i l i t y  

227 

175 

579 

+34 

-2 

-6 

-18 

-48 

+lo9 

unstable 

stable 

stable 

s table  

stable 

unlnzom 

3 Assumed t o  be t h e  aromatic analog of benzene with bond lengths equal t o  
1 .23AA. 
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Synthetic Aml ica t ions  of Nitronium Tetrafluoroborate 

By R. E. Olsen, D. W. Fish and E. E. Hamel 
Aero je t -Genera l  Corporat ion 

Sac r amen to ,  Cal i fornia  

Nitronium te t ra f luorobora te  has been shown t o  be a v e r s a t i l e  n i t r a t i n g  
agant f o r  nitrogen compounis, giving the  corresponding N-nitro der iva t ive  when 
reacted with secondary a l i p h a t i c  amines, an a c y l  a l i p h a t i c  amine, a carbamate e s t e r :  
a d i acy l  amine and primary amides. Reaction of secondary a l i p h a t i c  n i t rona te  salts 
wif4h nitronium te t ra f luorobora te  gave mixtures of t he  m - d i n i t r o  alkane and psuedo- 
n i t ro l e ,  while treatment of secondary a l i p h a t i c  n i t rona te  salts with nitrosonium 
te t ra f luorobora te  yielded only the  corresponding psuedonitrole. 

I n t e r e s t  i n  t h e  chemistry of s t ab le  nitronium salts, such as N02BF4> M2AsFCB 

D2PtF6 and (M2)2si.p69 has been aroused by recent  publications of Olah and co-workers 

concerning the preparation and use o f  such salts as n i t r a t i n g  agents f o r  alcohols' and 

b r o r n a t i c ~ . ~ ~ ~  During a n  inves t iga t ion  i n t o  t h e  mechanism of aromatic n i t r a t i o n ,  t h e  

perchlorate,  s u l f a t e  and f luo rosu l f a t e  nitronium salts were prepared and t h e i r  i o n i c  

nature established spectr~photometrically;~ 

s u f f i c i e n t l y  stable t o  allow their use as n i t r a t i n g  agents. 

reported synthe t ic  appl ica t ions  of nitronium salts t o  other types of organic compounds; 

this paper r epor t s  on the use of nitronium te t ra f luorobora te  t o  n i t r a t e  severa l  amines, 

however, these materials were not 

There appear t o  be no 

4mine der iva t ives  and a lky l  n i t rona te  salts. 

The ease of preparation and s t a b i l i t y  of nitronium te t ra f luorobora te  has made 

i t  the  e t ron ium salt of choice during our investigations.  No d i f f e rence  i n  y ie lds  

"':::,.:: been observed as due t o  a n  e f f e c t  of d i f f e r e n t  anions i n  nitronium salts;2 hence, 

results similar t o  those reported here would be expected through.employment of o ther  

s a b l e  'riit.ronium 'salts. 

3x-e the exdclusion of moisture .(which hydrolyzes the  salt t o  n i t r i c  ac id)  and the 

The only spec ia l  requirements f o r  the use of nitronium salts 

se l ec t ion  of a solvent which does not r e a c t  with nitronium ion. 

_.. I 

1, 

2. 

3" 

4 .  

C, A 

So J, Kuhn and Go A, Olah, 1. &. =. =., a, 4564 ( l % l ) *  

Go A, Olah, S. Ja L h n ,  and A. Mlinko, J. u. e., 1956, 4257. 
C. K., Ingold and E. Do Hughes, e t a l . ,  u,, m, -0, a d  subsequent papers. 

Olah and S. J. Kuhn, w,, a, 2371, (1956). 
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RESULTS AND DISCUSSION 

Nit ra t ion  r eac t ions  were car r ied  out by adding nitronium te t ra f luorobora te  

t o  a well-stirred a c e t o n i t r i l e  or methylene chloride so lu t ion  of subs t ra te .  

syntheses were car r ied  out  a t  low temperatures (-40 t o  OOC) with shor t  reac t ion  

t.imss (10 minutes t o  one hour). The products w e r e  i so l a t ed  by quenching of the 

r sac t ion  mixtures i n  i ce  water followed by pu r i f i ca t ion  using conventional techniques. 

In  most of the reac t ions  inves t iga ted ,  attempts were not  made t o  f i n d  optimum 

conditions;  hence, t h e  reported y i e lds  may not represent  mximum values. 

The 

Ni t ra t tun  of Amines and Amine Derivatives. - A t  present t he re  are four  good 

(1) the oxidation aethods f o r  t he  preparation of secondary nitramines. 

of nttrosamines by peroxytsffluoroacetic ac id ,  

n i t r a t i o n  o f  amines, 

the a2caline n i t r a t i o n  of amines with acetone cyanohydrin nitrate.' A l l  of the above 

msthods have t h e i r  l i m i t a t i o n s  and are retarded by s t e r i c  or e lec t ronic  fac tors .  The 

They are: , 
( 2 )  t he  chloride-ion catalyzed d i r e c t  

6 7 (3) the n i t r o l y s i s  o f  dialkylamides with n i t r i c  ac id ,  and ( 4 )  

'ess bas ic  a l i p h a t i c  and a l i c y c l i c  carbamates can be n i t r a t ed  smoothly and i n  excellent 

;rAe2as v f t h  n f t r i e  ac id  and a c e t i c  anhydride,9 while diacylamines a r e  only n i t ra ted  

10 ~ ~ t t  difficulty and i n  fa i r  y i e lds  with a nitr ic ac id  - a c e t i c  anhydride mixture, 

Several  secondary a l i p h a t i c  amines of the  type %%NH were converted to t h e i r  

X - u t r o  der%va;azfves i n  y i e l d s  ranging from 50 t o  70 percent by the reac t ion  of 

i- . t roni?na *;etrafluoroborate with two equivalents of t h e  amine i n  methylene chloride 

x : v s n t .  A quant i ta t ive  y i e ld  of t h e  ammonium fluoroborate salt vas a l s o  recorded. 

5 .  W, Do Emons, 2. m. m., 76, 3468 (1954). 

5,s W. J. Chute, KO C. Herring, L. E, Toombs and C. F. Wright, Can. J. Research., - 26B, 89 (1948). 

J, H, Robson ard J. Reinhart, J. 

W. Do &mons and J, Po fieeman, 

H. M. Curry and J, P. Mason, jbid., ay 5 0 0  (14%). 

; 

8 

4 

13, H. F, Kauffmn and A, Burger, Lo mo a., 9, 1662 (1954). 

m. a., '77, 2453 (1955). 

7'7, 4387 (1955). 
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The exact r o l e  cf solvent  is not c lear ,  a s  the  same react ion run i n  a c e t o n i t r i l e  

gave a quant i ta t ive  yield of the  ammonium f lnoroborate ,  and l i t t l e ,  if anye of the  

desired secondary a l i p h a t i c  nitnunine. 

urethane and a d i acy l  amine w e  accomplished i n  good yie ld  by treatment of the amine 

der iva t ive  with one equivalent of nitronium tetraf luoroborate .  Table I presents  t he  

amines and amine der iva t ives  which were n i t r a t ed  with nitronium tetraf luoroborate .  

Nitrat ion of an acyl  a l i p h a t i c  amine, a 

Reaction of a primary a l i p h a t i c  amine, 2-butylamine, with nitronium t e t r a -  

Eluoroborate i n  methylene ch lor ide  or a c e t o n i t r i l e  d id  not give the  desired primary 

n i t r amhe ,  but  r a the r  gave q-butyl n i t r a t e  i n  20 percent yield. 

of an electronegat ively subs t i tu ted  primary aromatic amine, picramide, with nitronium 

However, treatment 

te5raf luoroborate  d id  give the primary n i t r amhe ,  N,2,4,6-tetranitroaniline9 i n  

3: percent yield.  Previously, Olah 

olddiaed by nitronium tetraf luoroborate .  

11 
had reported t h a t  a n i l i n e  was Vigorously 

, 

1. 11, C. A. Qlah and S. J. Kuhn, Chem, & Id., _1956, 98. 
\\ 

. 

i 
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TABLE I 

NITRATION OF AMINES AND AMINE DERIVATIVES WITH NITRONIUM TE"LU0ROBORATE 

R I R p  + N02BP4 __c F $ R p 1 2  + HBFL 

Yield of N-nitro 
Amine o r  Derivative der iva t ive .  $ beve  (m.p,). OC Ref. 
Di-g-butylamine 54a 127-129 a t  10 mm 12 

Morpholins 72a (51.0-52.0) 12 

B r B  -Bis(i.yanoethyl)amine 62a (5505-57.0) 13 

Mhyi  g-butylcarbamate 91 75-77 a t  0.8 mm 7 

- 3-Butylacetamide 40 45-47 a t  0.5 m u 
Sue ch imid  e 

Picramide 

43 

85 

(92 e 0-93 0 3) 8 

(78.0b (def .)) 1 5  

9 Mothylene chlor ide solvent ;  a l l  o thers  used ace ton i t r i l e .  

'Caution should be exercised during r ec rys t a l l i za t ion ,  as N92,4,6-tetranitroaniline 
~ R S  been found t o  de f l ag ra t e  a t  temperatures near 50°C while i n  an impure s t a t e .  
An ana ly t i ca l  sample was obtained by r ec rys t a l l i za t ion  from chloroform. 

12. 

13. W, J. Chute, G o  E. Dum, J. C. bcKenzie, Go S. Meyers, G. N. R. Smart, 

C. S, Myers and Go F. Wright, Can. 2. Research, a 2 5 7  (1948). 

J, W. Suggit t  and Go F. Wright, w., s, 114 (1948). 

E, H. White, 2. &, u. =,, 77, 6008 (1955). 1 4 .  

1 5 ,  A. H, B l s t t ,  'Data on Organic Explosives", OSRD-2014, February 28, 194& 



41 

Nitration of Primary Amides. - Kauffman and Burger’ have reported the 

preparation of materials t en ta t ive ly  ident i f ied  as methyl N-ni t rosucc imida te  and 

e thy l  N-nitrophthalamidate by t h e  a lcoholys is  of N-niti’osuccinimide and N-ni t ro-  

ph th l imide .  

ua3 described as Rqui te  unstable i n  the f r e e  

chemistry of nitramines, Limberton’’ has b r i e f l y  commented on the  r a r i t y  of primary 

nitramides and has speculated t h a t  tNs may be due t o  t h e i r  decomposition under n o m  

n i t r a t i o n  conditions. 

The only other primary nitramide reported is N-nitroacetamide, which 

In  a review a r t i c l e  on the 

Ut i l ia ing  nitronium t e t r a f luo robomte  v f t h  a c e t o n i t r i l e  or methylene chloride 

so lvent  i n  the presence of one equivalent of potassium ace ta t e  ( t o  r e a c t  with the 

hydrofluorobasic acid formed during the reac t ion)  a l i p h a t i c  and a r o m t i c  primary 

amides were converted t o  t h e i r  N-nitro de r iva t ives  i n  f a i r  yields.  

exception of N-nitroacetamide, the primary nitramides prepared thus far have proved 

t o  be r e l a t i v e l y  s t a b l e  s o l i d s  which decompose above t h e i r  melting points.  

s.ss‘;amLde could be obtained only i n  low yie lds  and decomposed dur ing  attempted 

piir-ification, As expected, the primary nitramides were a c i d i c  i n  nature a d  could 

32 converted t o  t h e i r  a lka l f  metal salts by s t i r r i n g  t h e  nitramide with an  ace t a t e  

sal5 i n  a nonaqueous solvent. 

structure a; the  following charac te r i s t fc16  absorption bands were obsemed; a sharp 

;mgle NH band a t  3374-3390 cm-l, two s t rong  N-nitro bands a t  1620-1610 cm-’ and 

1;0’7-1302 cm , and a carbonyl bard sh i f t ed  down t o  1751-1739 ern-'. 
t.he FrlWry nitramides which were prepared, along with t h e i r  f ie lds  and melting points. 

With the 

N-Nitro- 

Infrared spectra ware cons is ten t  with the  proposed 

-1 Table I1 shows 

I&,, 

15. 

V, Unsberg, &., 3, 1092 (1892). 
A. H. m b e r t o n ,  Quart. Revs,, 5p 75 (1951), 

1%- K Nakanfshl, nInfrared Absorption Spectroscopy, P rac t i ca ln ,  Holden-Day, he . ,  
Sa2 Francisco, 1962. 
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Nit.ration of Alkyl Nitronates. 

and Shechterl' appears to be the  only 

m 4 i n i t r o  compourds. We have found 

49 

- The oxidative n i t r a t i o n  reac t ion  of Kaplan 

general method f o r  the preparation of secondary 

that secondary a l k y l  n i t rona tes  (i.e.. , the 

potassium, sodium and l i t h i u m  salts' of 2-nitropropane and nitrocyclohexane) , when 

t r ea t ed  with nitronium te t ra f luorobora te  i n  a c e t o n i t r i l e  give secondary gem-dinitro 

alkanes, although the  y ie lds  were lower than those obtainable by the  oxidative'  

n i t r a t i o n  technique and t h e  ' reactions were characterized by the  formation of 

;onsiderable amounts of psuedonitrole byproduct. 

considerable influence on the  reac t ion ,  as the  potassium salts o f  2-nitropropane 

and nitrocyclohexane, when t rea ted  with nitronium te t ra f luorobora te ,  gave no e- 
d i n i t r o  mater ia l s  and only a 5 percent y i e ld  of t he  corresponding psuedonitrole. 

Under the  same conditions, the  sodium salt of 2-nitropropane gave a 50 percent y i e ld  

of a one-to-one mixture of 2,2-dinitropropane and the psuedonitrole, 2-nitroso- 

nitropropane. 

propane and a 25 percent y i e ld  of t he  psuedonitrole were obtained. 

l i th ium salts of nitrocyclohexane gave s imi la r  y i e lds  of E - d i n i t r o  and psuedo- 

n i t r c l e  de r iva t ives  when reacted with nitronium tetrafluoroborate.  The reac t ions  

of a l k y l  n i t rona te  salts with nitronium t e tmf luo robora t e  are summarized i n  Table 111, 

The ca t ion  appears t o  have a 

With l i th ium isopropyl n i t rona te ,  a 35 percent y ie ld  of 2,2-dinitro- 

The sodium and 

%R2C=N0p  + N02BFL 

M = Ka, Na, and L i  

RlR2C (N02)2 + \R2C (NO) NO2 + Wk 

Dini t ro  products were separated from psuedonitroles by ex t rac t ion  of t he  reac t ion  

mixture with hexane followed by evaporation of t h e  hexane t o  y i e ld  r e l a t i v e l y  pure 

2,2-dinitropropane o r  1,l-dinitrocyclohexane. 

were iden t i f i ed  by elemental and inf ra red  ana lys i s  and by t h e i r  cha rac t e r i s t i c  b lue  

so lu t ions  in benzene. 

17. 

18, 

The hexane-insoluble psuedonitroles 

18 

R. Be Kaplan and H. Shechter, 9. @. m. &., Q9 3535 (1%1). 

H. Shechter and R, B Kaplan, e. , 25, 3980 (1%5) 
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Treatment of a primary a l k y l  n i t rona te  ( iOe . ,  the  potassium, sodium o r  l i th ium salt 

of 1-nitropropane) with nitronium tetrafluoroborate gave a low y ie ld  of the  

corresponding unstable n i t r o l i c  ac id  der iva t ive  which was i den t i f i ed  by inf ra red  

ana lys i s  and neu t r a l i za t ion  with caus t i c  t o  give a b r i l l i a n t  red solution. 

, 

1 9  

RCH=ND$ + ND2BF4 - RC(N02)=MH + W4 

M = K, Na, and L i  

The formation of psuedonitroles and n i t r o l i c  ac id  der iva t ives  during the 

reac t ions  of nitronium te t ra f luorobora te  l e d  US t o  inves t iga te  s iml la r  reac t ions  

with nitrosonium te t ra f luorobora te  (MBF4) e 

a l k y l  n i t rona tes  with nitrosonium te t ra f luorobora te  appeared t o  be influenced by the 

ca t ion ,  as the potassium, sodium and l i th ium salts of 2-nitropropane when treated 

with nitrosonium t e t ra f luorobora te  gave 60, 80 and 95 percent y ie lds ,  respectively,  

of t he  psuedonitrole, 

nftrocyclohexane were reacted u i t h  nitrosonium tetrafluoroborate.  

Again, t he  reac t ion  of salts of secondary 
. -  

Similar y ie lds  of psuedonitrole were obtained when salts of 

Table I V  presents 

t h e  experimental da t a  obtained 

nitrcsonium te t ra f luorobora te .  

from the  reac t ion  o f  a lky l  n i t rona te  salts with 

19. C, R. N * i l l ? T b  "Texttook of Organic Chemistry", W. Bo S u n d e r s  and Co., 
London, 2358, p. 200. 
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TABLE I11 

NITRATION OF ALKYL. NITRONATE SALTS WITH NITRDNIUM TETRAFLUOROE3RATE 

4 R1R2C=NOP + N02i3F4 - R1R2C(N02)2 + qR2C(NO)N02 + MBF 

Alkyl % Yield Alkyl % Yield - Cation Nitronate Dini t ro  Psuedonitrole Nitronate Dini t ro  Psuadonitrole 

L i  1 sopropyl 35 25 cyclohexyl 35 25 

Na isopropyl 25 25 cyclohexyl 25 25 

K isopropyl 0 5 cyclohexyl 0 5 

Na Propyl 0 5a 

a Yield da ta  estimated from weight of crude react ion product which was shown t o  be 
propylni t rol ic  acid by infrared ana lys i s  and neut ra l iza t ion  t o  give a red solution. 
Pmduct decomposed before f u r t h e r  character izat ion could be accomplished. 

TABLE I V  

NITROSATION OF ALKYL NITRONATE SALTS WITH NITROSONIUM TETRAFLUORDBORATE 

R1R$=NO2M + NOW4 - %R2C(NO)ND2 + m h  

Alkyl b Yield, Alkyl % Yield, 
-- Cation Nitronate Psuedoni t r o l e  Nitronate P Psued o n i  t r o l e  

L i  isopropyl 95 cyclohexyl 95 

Na isopropyl 80 cyclohexyl 80 

K 1 so p r  opyl 60 cyclo hexyl 60 

Na propyl . 85a 

a Yield d a t a  estimated from weight of crude react ion product, which decomposed before 
complete character izat ion could be accomplished. Product ten ta t ive ly  iden t i f i ed  as 
propylni t rol ie  ac id  by infrared and neut ra l iza t ion  t o  give a red solut ion.  
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- EXPERIMENTAL 

Melting and bo i l ing  poin ts  a r e  uncorrected. Reactions involving n i t r o n i m  

te t ra f luorobora te  Yere ca r r i ed  ou t  i n  a d r y  box under a nitrogen atmosphere. 

Elemental analyses were conducted a t  the  Analytical  Laboratories of Aerojet-General 

Corporation, Sacramento, Cal i forn ia .  

2 Nitronium Tetrafluoroborate.  - The procedure of Olah and Kuhn was followed, 

i n  which n i t r i c  ac id ,  hydrogen f luo r ide  and boron t r i f l u o r i d e  were allowed t o  r eac t  

i n  a su i t ab le  solvent. 

i n  view of  the reported mineral ac id  sens i t i za t ion  of nitromethane toward detonation, 

i t  w a s  decided to employ 2-nitropropane as solvent. 

was necessary t o  wash the  nitronium te t ra f luorobora te  d t h  Freon 113 and dry the 

nitronium sal t  f o r  four hours a t  60% u d e r  reduced pressure (1 mm) t o  ensure 

complete removal of solvent,  

A t  t h i s  po in t ,  it should be mentioned t h a t  occassional batches of nitronium 

The previously reported so lvent  was nitromethane; however, 

I n  t h i s  modified procedure i t  

t e t r a f luombora te  have exhibited poor n i t r a t i n g  a b i l i t y .  

usua l ly  been associated wi th  t h e  sample of nitronium te t ra f luorobora te  adsorbing 

moisture, even under dry  box conditions. 

The poor r e a c t i v i t y  has 

Repara t ion  of  Secordary Aliphatic Nitramines. - The following procedure i s  

typ ica l  o f  that used during the reac t ion  of secondary a l ipha t i c  amines with nitronium 

tetmf' luoroborate.  A so lu t ion  of @,@~-&(cyanoethyl)amine (10.0 g ,  0.08 mole) i n  

60 m l  o f  methylene ch lor ide  was cooled t o  -3OOC and 5.3 g (0.04 mole) of nitronium 
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t e t ra f lu3vobsra te  was added over a ten-minute period. 

one hour a t  OOC,  then four  hours a t  room temperature. 

sa l t  of ,3yp~-&(cyanoethyl)amine, (8,3 g, 9% yield,  mop. 159-160OC) was removed 

by f i l t r a t i o n  

The mixture was s t i r r e d  for  

The hydrofluoroboric acid 

Anal.: Calcd. f o r  C6HloN3BF4: C, 34.2; H, 4.8;  N, 19.9. Founds C, 34.8; 

H ,  4.9; N, 21.2. 

The f i l t r a t e  was concentrated under reduced pressure t o  leave  crude B,,p’-&(cyanoethyl)- 

nitramine, which a f t e r  one r e c r y s t a l l i z a t i o n  from methanol gave a product (3.3 g, 

62% yield) which melted a t  55.5-57.0°C ( l i t .  value 

secondary a l ipha t i c  nitramines prepared, along with t h e i r  y ie lds  and melting or 

boi l ing  points a r e  presented i n  Table I. 

13 
55.5-56.8OC). The o ther  

Preparation o f  Acyl N-Nitroamine Compounds. - The following procedure i s  

typ ica l  o f  t h a t  employed f o r  the  preparation of acyl  N-nitro der iva t ives .  Ethyl E- 

butylcarbamate (4.0 g, 0.03 mole) was dissolved i n  50 m l  of ace ton i t r i l e ,  cooled t o  

-3QoP and treated with 4.0 g (0.03 mole) of nitronium te t ra f luorobora te .  The 

so lu t ion  was allowed t o  warm, with s t i r r i n g ,  to O°C and quenched i n t o  200 m l  of 

i c e  water. 

dr ied  over anhydrous magnesium su l fa te .  

of  e thy l  N-nitro-z-butylcarbamate (b.p. 75-77 a t  0.8 mm, 3 1.476, lit ,  value 

l.@8) was obtained by f r a c t i o n a l  d i s t i l l a t i o n  under reduced pressure. 

A yellow oil separated which was dissolved i n  methylene chloride and 

After removal of solvent,  5.0 g (91% yie ld)  

7 

Other 

acy l  N-nitroamine der iva t ives ,  with t h e i r  y i e lds  and melting o r  bo i l ing  points are 

- 21 
3 

shown i n  Table I. 

m f  Primary Nitram-. - The following is  typ ica l  of t he  procedure 

used f o r  the preparation of primary nitramides. 

(0.10 mole) of 2-chloroacetamide and 10.5 g (0.11 mole) of potassium ace ta t e  in 50 m l  

of ace ton i t r i l e  a t  -350 was slowly added 15.0 g (0.11 mole) nitronium tetrafluoroborate.  

To a s t i r r e d  suspension of 9,O g 



The temperature was maintained a t  

(25 m l )  was added and the  mixture 

54 

-35 t o  -300 f o r  

allowed t o  w a r m  

30 minutes. Nethylene chlor ide 

t o  loo and t h i s  temperature 

maintained for 30 minutes. 

f i l t r a t e  evaporated t o  dryness  under reduced pressure.  The res idue  was dissolved i n  

methylene chlor ide and passed through a s i l i ca  ge l  column t o  y ie ld  12.5 g of a l i g h t  

yellow s o l i d ,  map. 76-77O. Recrys ta l l iza t ion  from butyl  chlor ide gave 7,4 g (54,5% 

yie ld)  of a white s c l i d ,  m.p. 80-820, ident i f ied  as N-nitro-2-chloroacetamide by 

inf ra red  and elemental analyses. 

pcznts and a n a l y t i c a l  d a t a  are presented i n  Table 11. 

The suspendd s o l i d s  were removed by f i l t r a t i o n  and the 

The y ie lds  of primary nitramides,  t h e i r  melting 

Preparat ion of gem-Dinitroalkanes. - A methanolic so lu t ion  of a lka l i  metal 

hydroxide (Li, Na, or K)  was t rea ted  with 10% excess ni t roalkane and allowed to 

s t i r  for 70 minutes. 

a l k a l i  metal a l k y l  n i t r o n a t e  dried over phosphorous pentoxide under reduced pressure 

(0.1 mm) f o r  2.4 hours. 

(Caution: 

The so lu t ion  was then evaporated t o  dryness i n  vacuo and the 

Nitronate salts may be shock s e n s i t i v e  and have been 
known t o  explode after prolonged storage).. 

Shoun belou is a procedure t y p i c a l  of t h a t  used f o r  the  preparation of Em-dinf t ro-  

wkanes. 

a c e c o n i t r i l e  was cooled to -35% end 2.7 g (0.02 mole) o f  nitronium tetraf luoroborate  

was ,Icwly added. 

h r i l l r sn :  b lue  co lor  upon t h e  f h s t  addi t ion  of nitronium tetraf luoroborate .  

reac,;cn mixrure was s t i r r e d  for two hours a t  -30 t o  -L+OoC, then f i l t e r e d  t o  give a 

quant i -a r ive  y ie ld  o f  pctassium te t raf luoroborate .  

I C 0  m i  cf i c e  water to y i e l d  a n  insoluble  o i l ,  which was dissolved i n  methylen6 

A slurry o f  3.3 g (0.02 mole) of lithium cyclohexylnitronate i n  50 m l  of 

The r e a c t i o n  was not  exothermic and t h e  react ion mixture turned a 

The 

The f i l t r a t e  w a s  quenched i n t o  
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chlor ide  and d r i ed  omr anhydrous magnesium su l f a t e .  

pressure l e f t  a semisolid which was extracted with hexane. 

residue (0.8 g, 25% yie ld)  was a white powder iden t i f i ed  a8 1-nitroso-1-nitrocyclohexane, 

mop. 78.0-79.0 (blue melt). 

Removal of so lvent  under reduced 

The hexane-insoluble 

Anal.: Calcd. f o r  C630N203: C, 46.6; H, 6.4; N, 17.7. Found: C ,  46.4; 

H, 6-4; N, 18.0. 

Evaporation of the  hexane extract under reduced pressure followed by f r a c t i o n a l  

d i s t i l l a t i o n  gave 1.2 g (35% y i e l d )  of 1,Ldinitrocyclohexane (b.p. 62-63O a t  0.5 mm, 

L i t .  value 

de r iva t ives  obtained from t h e  reac t ion  of o ther  salts of alkyl ni t rona tes  are shown 

i n  the  Table 111. 

17 
bop. 670 a t  0.7 mm). The y i e lds  of E - d i n i t r o  and psuedonitrole 

p remra t ion  of Psuedonitroles. - The procedure used during the  preparation of 

psuedonitroles was i d e n t i c a l  t o  that described above f o r  the preparation of m - d i n i t r o  

alkanes, except t h a t  nitrosonium te t ra f luorobora te  was used i n  place of nitronium 

teLrafluoroborate. The y ie lds  of psuedonitrole obtained from the  various n i t rona te  

salts a r e  presented i n  Table I V .  
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/ TXE DEFIAGMTION OF HYDRAZINE PERCHLORATE (1) 

by 

J.B. Levy, G.  von 91be, R.  Friedman, T. 17al l in  and S.J. Adams 
A t l a n t i c  Research Corporat ion 

Alexandria ,  V i r g i n i a  

I 

1 
I. ABSTPACT , 

Hydrazine p e r c h l o r a t e ,  l i k e  ammonium p e r c h l o r a t e ,  is  a molecule 

conta in ing  w i t h i n  i t s e lE  the  elements  o f  a f u e l  and an o x i d i z e r .  It should,  

t h e r e f o r e ,  l i k e  ammonium p e r c h l o r a t e ,  be capable  o f  s e l f - d e f l a g r a t i o n .  This 

paper descr ibes  s t u d i e s  of  hydrazine perchlora te  d e f l a g r a t i o n  and o f  var ious  

p r o p e r t i e s  of  hydrazine p e r c h l o r a t e  p e r t i n e n t  t o  t h e  ques t ion  of i t s  s e l f -  

d e f l a g r a t i o n .  I 

It has been found t h a t  hydrazine p e r c h l o r a t e  w i l l  d e f l a g r a t e  re- 

producibly i f  a fe!i p e r  c e n t  of  f u e l  i s  present .  Def lagra t ion  rates have 

been measured photographica l ly  with c y l i n d r i c a l  s t r a n d s  pressed t o  95-93sb 

c r y s t a l  dens i ty  f o r  ambient p r e s s u r e s  from 0.26 t o  7 . 7  atmospheres. A l i q u i d  

l a y e r  vas observed a t  the s u r f a c e  i n  these experiments. Steady d e f l a g r a t i o n  

could n o t  be a t t a i n e d  o u t s i d e  these pressure l h i t s .  Def lagra t ion  exper inents  

were also performed w i t h  hydrazine p - r c h l o r a t e - c a t a l y s t  mixtures .  

In a d d i t i o n  t o  the  above exper inents ,  v a p o r i z a t i o n  rate measurements, 

measurements of the temperature  p r o f i l e  0; a d e f l a g r a t i o n  wave a t  one atmo- 

sphere by means o f  f i n e  thermocouples, and spec t roscopic  measurements of the  

flame temperature above a d e f l a g r a t i n g  st;:aiid were a l s o  made. 

The temperature  p r o f i l e  measurements i n d i c a t e  temperatures  as high 

as 45OOC i n  the condensed phase and a r e  c o n s i s t e n t  w i t h  l i t t l e  h e a t  r e l e a s e  

i n  t h e  condensed phase. The vapor iza t ion  measurements are c o n s i s t e n t  with a 

d i s s o c i a t i v e  v a p o r i z a t i o n  of  hydrazine p e r c h l o r a t e .  The flame temperature 

found vas 2275 5 5OoK i n  s a t i s f a c t o r y  agreement w i t h  the  value o f  2224OK calcu-  

l a t e d  on the basis O P  thermodynamic equi l ibr ium ir. +he products .  

The above r e s u l t s  are discussed i n  terms o f  the  mechanism of  the 

d e f l a g r a t i o n  process .  

, 
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11. IETRODUCTIGC 

!:e are cn2a:cl i n  a ;enera1 p;:o;za.; 0 2  r e s e a r c h  r.:hose goa l  is ::?e 

IixJerstandin; ol t:!e :actors t h a t  g0ve-i; t'x a n t u r e  of the  d e f l a z r a t i o e  3f  

composite . s o l i d  propel la i i t s .  

the o x i d i z e r  a l o z e ,  ever  since e a r  1;' okscirvations t h a t  ammoniun p e r c 2 1 x a t e  

dcZla2rated as a r:ioiiopropellarit a t  rate:: canpa-_-able t o  those Eound for pi-0- 

p e l l a n t  2orrwlat ions containin;: it ( 2 ) .  Z a z l i e r  work i n  t h i s  ? a t o r a t o r y  

& a l t  :,;ith the s e l f - d e ? l a g r a t i o n  of arimoi&c; i jcrchlorate  ( 3 ) .  \.;e zepor t  

;:ere on s t u d i e s  ,:it!: t:ic r e l a t e d ,  > u t  norc eziexgetic, inaterial--i-i;.Iraziix 

pei-c:.?lorate. 

h i -  effori:.; i:ave heen devoted t o  s t u d i e s  OL 

ii::drasine p e r c h l o r a t e  is  a !.kite ci.;rstalline s o l i d  mel t ing  a t  240- 

142°C. 

under vacuum. It Tias k e n  repor ted  ( 4 )  t:.lat dry hydrazine p e r c h l o r a t e  can 

Le d e t o n a t e l  by s;iock o r  f r i c t i o n  and tl;at i t  has  a shock sensitivit:r com- 

parable  t o  t h a t  o f  i n i t i a t i n g  explos ives .  iie have observed t h e  usua l  per -  

cau t ions  i n  handl ing t h i s  m a t e r i a l  and Iiave experienced explos ions  wi th  it 

only under extreme condi t ions ,  i.e., i n  c e r t a i n  d e f l a g r a t i o n  experiments .  

;!owever, it is  a very e n e r g e t i c  material and m u s t  be handled vitl; Treat care  

It foins  a Iiemiiiydi-ate r:;iich can r e a d i l y  be dehydrated at  64.5"::  

-. 

The t h e a r a l  decomposition o f  :Ly:;:',razine p e r c h l o r a t e  has been i n -  

v e s t i z a t e d  and azaoniur.i p e r c h l o r a t e  found t o  be a major product  (5) .  

\!e know 0 2  no s t u d i e s  o f  the  s e i 5 - d e f l a z r a t i o n  o f  hydrazine pcr- 

c h l o r a t e .  The r e s u l t s  r e p o r t e d  here  are co-icerned with s t u d i e s  o f  pure 

ilydrazine perchlora te  and hydrazine percll1o::ate conta in ing  small amounts of 

a d d i t i v e s .  

A .  Prepara t ion  0: Xidrazine Perchlora te  

llydrazine p e r c h l o r a t e  vas  p r e p a x d  Ly t i t r a t i n g  a s o l u t i o n  oE Gib 
1:ydiazine hydrate  t o  a p!. o f  3 . 2  w i t h  42," p e i c h l o r i c  ac id .  

s tock  s o l u t i o n  1:hich could be s t o r e d  i n d e - i n i t e l y .  Hydrazine p e r c h l o r a t e  

vas  p r e c i p i t a t e d  by pouiitig a volume o f  tl:is s o l u t i o n  i n t o  f i v e  volumec of 

isopropanol  a t  O O C .  The hydrazine p e r c h l o r a t e  \7as f i l t e r e d ,  washed w i t h  

co ld  isopropanol  and vacuum d r i e d  a t  8OOC. 

This y i e l d e d  r, 

The matecia1 17as anal-jzed iodometr ica l ly  ( 6 ) .  P u r i t i e s  > 9YL, as 

The mel t ing  p o i n t  w a s  142-143°C. i n d i c a t e d  by t h e  a n a l y s i s ,  were obta ined .  

i 
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3 .  Processing oE IZydi-azine Perchlora te  

T h e  hydraz ine  p e r c h l o r a t e  used Tor t h e  d e f l a g r a t i o n  measurements 

vas prepared i n  the  Lcoi?i? of  small s p h e r i c o l  p a r t i c l e s  of  f a i r l y  uniform 

s i n e  d i s t r i b u t i o n  by means of  a melt-sl:.ot appara tus  copied from one i n  the 

l i t e r a t u r e .  In t h i s  appara tus ,  s o l i d  hy6;azine p e r c h l o r a t e  is  fed i n t o  8 

sp inninz  a l m i n c m  d i s h  a a l n t a i n e d  a t  a tcinperature above t h e  melt ing p o i n t  

of  hydrazine p e r c h l o r a t e  and f i t t e d  wit:] a small lateral hole i n  t h e  s i d e  

riliich permi t ted  the  e j e c t i o n  of  the  molten spiieres which cool  as they f l y  

through the a i r .  It iyas Cound t h a t  160°C vas a s a t i s f a c t o r y  temperature 

ior t h e  d ish .  Kit!; ti-:e d i s h  spinning a t  2[:.00 Xl.1 t h e  p a r t i c l e  s i z e s  of t h e  

spheres  o'iitained, as determined Ly microscopic examination of a randon 

s e l e c t i o n ,  v a r i e d  from 50-30%. 

i n d i c a t e d  t h a t  no decomposition occurred durin; the  s h o t t i n g  process .  

Analys is  0 5  material prepared i n  t h i s  way 

C. Strand P r e p a r a t i o n  

S t rands  vert e i t h e r  tamped o r  pressed.  Tamped s t r a n d s  were prepared 

by pouring s m a l l  i n c r e n e n t s  o f  material  into a tube and tamping each incre-  

ment gent ly  w i t h  a T e f l o n  rod. 

by means of a h y d r a u l i c  p r e s s .  

95-98X of c r y s t a l  d e n s i t y  which was considered adequate. 

v e r e  performed remotely.  

Pressed s t -ands were prepared i n  a s t e e l  mold 

Pressures  0 2  - 40,000 p s i  gave s t r a n d s  01 

Press ing  opera t ions  

The mixtures  of  hydrazine p e r c h l o r a t e  and the  f u e l s  or c a t a l y s t s  

r e r e  prepared by miXing t h e  hydrazine perchloyate  shot  wi th  t h e  f inely-grcund 

o ther  i n g r e d i e n t s  i n  a n  ord inary  vee mixer f o r  s e v e r a l  hours .  The u n i f o m  

d e f l a g r a t i o n  rates observed wi th  the  v a r i o u s  mixtures  a t t e s t  to the homogeneity 

or' s t r a n d s  prepared i n  t h i s  way. 

D. Subl imat ion Exper inents  

Tiie subl imat ion  experiments  viere per fo ined  w i t h  a convent ional  cold- 

f i n g e r  vacuum subl imat ion  appara tus ,  w i t h  a removable co ld  f inger .  

p a r a t u s  was evacuate6  by a n  o i l  pump t o  about. 5 microns, Towered i n t o  a thermo- 

stat  and the timer s t a r t e d .  

"lie ap- 
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n;o s u b l i v a t i o n  appara tuses  were used. A t  f i r s t  a f a i r l y  siaall 

one k-ith a c r o s s  s e c t i o n a l  area of 0.S.cn2 vas used t o  keep t h e  amount of  

hydrazine perci l lozate  x q u i r e d  down t o  about  0.5 g .  Subsequently a lal-yer 

appara tus  having a c r o z s - s e c t i o n a l  a r e a  o f  4.?0 cm2 was used wi th  anounts 

of hydrazine perc; i lorate  of  t h c  order  o f  1.5 - 2.0 g.  

A t  the  conclusion of  tile expeiLient  the  subl imate  w a s  c a r e i ' u l l j  

renoved from the cold I inger  and weighed. The m i g h t  of  the  r e s i d u e  vas 

found b;f treighing the o u t e r  tube, vash ins  o u t  the  r e s i d u e  and re-weighin;: 

the tube. The ana lyses  l'ere performed L-; iodometry. 

E.  Tile Y'larie Tempcrature Fieasurements 

A tungsten ribboil f i lament  lamp t h a t  had been c a l i b r a t e d  by t h e  

f la t iona l  Bureau o€ Standards for the temperatuse range 1100 - 2300'C ::as 

used f o r  these  neasurenents ,  which were perKcrimxl i n  t h e  conventiona 1 

manner (7) .  

IV. RESULTS 

The experiment performed i n  t h i s  program ar grouped i n t o  ( a )  

experiments  i n  which vapor iza t ion  rates 01 pure hydrazine p e r c h l o r a t e  vere 

measured; ( b )  d e I l a g r a t i o n  rate measurements; ( c )  temperature  p r o f i l e  measure - 
i ments; and (d)  flame temperature measurements. 

A. Vaporizat ion Rate Keasurements ,a 
These experiments  were performed i n  the g l a s s  subl imat ion  appara- 1 

J 

( 

t u s e s  descr ibed  i n  the  Experimental Par t .  The sur face  area of t h e  l i q u i d  

vas q u i t e  undis turbed by bubbles  dur inz  these  experiments and i t s  magnitude 

vas cons tan t  dur inz  an experiment. 

t o  be t h a t  of  t h e  b a t h  i n  which the appara tus  vas immersed. The r e s u l t s  are 

g iven  i n  Table I. 

The temperature o f  the l i q u i d  w a s  assumed 

. 
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4 5 3  4 . 9 0  

r:53 0.59 

473 4 . 9 0  

45?2 0 .50  

508 4 .90  
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TAELE I 

Vapor iza t ion  Rates  o f  Eydrasine Perchlora te  

Duration T'eights i n  Grams 
( s e c )  C:iar,ed Sublimed Rcsiciue 

18,900 1.55 0.22 1.32 

21,240 0.244 0.073 0.163 

15,900 1.70 0.54 1 . 14. 
2 , 2 2 0  0.239 0.034 0.200 

2,400 1 - 6 5  0.83 0.79 

c' 

% 3 iiydrazine lo5  :: Kate of , 
recov. Perchlora te  Vapori a t i o n  

i n  (g/cm'-sec 

Sublimate Zesiidue __. 

99 99.8 99.4 2.35 ~ 

97 6.85 

99  95 .0  99.0 5.84 

99 32.4 

98 99.0 100.0 70.5 

/ 

The r e l a t i o n  lxtween vapor iza t ion  rate and vapor pressure  i s  given 

bY 8 = cYPJ* (8). 

-2 = v a p o r i z a t i o n  r a t e  i n  ciil s e c - I  

r/ = e v a p o r i z a t i o n  c o e f f i c i e n t  

P = vapor  pressure  i n  dynes cm 

1.1 = molecular  weight of  vaporizing s p e c i e s  

T = a b s o l u t e  temperature 

R = zas c o n s t a n t  i n  e r g s  mole deg 

-2 

-1 -1 

This express ion  can be v r i t t e n ,  

For many l i q u i d s  (Y has  been found t o  be uni ty .  However a very low 

value f o r  this quant i t -1  has  been c a l c u l a t e d  ( 9 )  f o r  ammonium c h l o r i d e  and, 

s i n c e  very fev s p e c i e s  t h a t  are c h e m i c a l b  s i m i l a r  t o  hydrazine p e r c h l o r a t e  

have been i n v e s t i z a t e d ,  ve do not  f e e l  j u s t i f i e d  i n  ass igning  a value of uni ty  

f o r  i n  the present. case.  
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1 

It i s  oE i n t e r e s t  t o  see ha:  t h e  parsmeter g fT v a r i e s  v i t b  T. Since 

i t  i s  p r o p o r t i o n a l  t o  P, Ire would expect  a Clausius-Clapeyron r e l a t i o n s h i p  t o  

hold,  i f  C/ were cons tan t ,  and i n  Fig. 1 Ire p l o t  log ( e  b ) v s  1/T. The data a r e  

f a i r l y  l i n e a r  and the l i n e  i n  Fig. 1, vhicl-. v a s  drawn v i s u a l l y ,  corresponds t o  

t h e  equat ion:  

5475 10ZlO (. fi) = 10.0 - - T 

The s lope o f  the  l i n e  i s  a measure o f  t h e  h e a t  of vapor iza t ion  ,$ITv and 

leads  t o  a value of 29.6 kcal/mole f o r  t h i s  q u a n t i t y .  The cor responding-va lue  

f o r  ammonium p e r c h l o r a t e  i s  29 kcal/mole ( L O ) .  It is o f  i n t e r e s t  t o  compare the 

above value f o r  AI! t o  t h a t  c a l c u l a t e d  f o r  t h e  vapor iza t ion  process .  I f  v7e con- 

s i d e r  t h a t  hydrazine p e r c h l o r a t e  vapor izes  wi th  d i s s o c i a t i o n ,  as i s  be l ieved  t o  

be t r u e  f o r  ammonium p e r c h l o r a t e ,  t h e  equi l ibr ium is 

The enthalpy change f o r  t h i s  process  would be 2A1.I o r  59.2 k c a l h o l e .  The h e a t  

of  formation of  c r y s t a l l i n e  hydrazine p e r c h l o r a t e  i s  -42.5 kcal/mole (11) and 

a value of  3.84 kcal/mole has  been r e p o r t e d  €or t h e  h e a t  of  fus ion  (12) .  The 

h e a t  of  formation Cor t h e  l i q u i d  is  thus  -38.7 kcal/mole. The va lues  f o r  gaseous 

p e r c h l o r i c  a c i d  and saseous hydrazine are -1.1 (13) and 22.75 kcal/mole (14)  

r e s p e c t i v e l y .  Eiese values  y i e l d  60.4 kcal/mole as the  en tha lpy  change i n  t h e  

above equi l ibr ium.  The agreeGent with the  experimental  va lue  suppor ts  our be- 

l i e f  t h a t  the  vapor iza t ion  rates are propor t iona l  t o  the  vapor pressure  and 

t h a t  the  vapor iza t ion  process  i s  d i s s o c i a t i v e .  

V 

E.  Def lagra t ion  Rate ileasurements 

Def lagra t ion  rates were measured from motion p i c t u r e  r e c o r d s  of t h e  

d e f l a z r a t i o n  experiments. 

2 .0  cm. I n  a l l  cases  t h e  l i n e a r  d e f l a g r a t i o n  rate rras determined from the  s lope 

of  t h e  curve of  l e n z t h  d e f l a g r a t e d  vs. time. These curves were a l l  l i n e a r ,  i . e . ,  

the  d e f l a g r a t i o n  r a t e s  were cons tan t  over  the  length  of  the  s t rand .  I n  a l l  the 

d e f l a g r a t i o n  experiments a molten layer  could be seen  a t  t h e  sur face  of the de- 

f l a g r a t i n g  s t rand .  

l i q u i d  layer  never appeared t r a n s p a r e n t  b u t  r a t h e r  l i k e  a foam. 

i n t e r f a c e  rras d i s t i n c t  however and the rate measurements were made by measuring 

t h e  regress ion  rate oE t h i s  i n t e r f a c e .  

The lengths  of  s t r a n d s  used were i n  the  range of  1.5 - 

Gas e v o l u t i o n  ~ i t h i ~ l  the l a y e r  was s o  vigorous t h a t  the  

The l i q u i d - s o l i d  
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Figure 1. The Rate of Vaporization of Hydrazine Perchlorate. 
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no a d d i t i v e s ,  

1.3 g / c c )  and 

6 3  

De f lazrat ion  of Pure Hydrazine Perchlora te  

behavior  of pure hydrazine perchlora te ,  i .e. ,  material conta in ing  

vas  unreproducible .  

p ressed( ,  = l . S  - 1.9)g/cc s t r a n d s  o f  hydrazine perchlora te  vas  

Smooth de %;ration of  tamped (p = 1.1 - 

a t t a i n e d  f o r  pressures  from 0.25 t o  4.3 atnospheres  b u t  a t  a subsequelit time 

s t r a n d s  prepared and Fgnited i n  t h e  same v a y  d i d  not  propagate  d e f l a g r a t i o n .  

:hen t h i s  was o lserved ,  experiments were performed wi th  s t r a n d s  preheated t o  

JOOC. Smooth d e f l a g r a t i o n  was a t t a i n e d  a t  two, four  and six atmospheres b u t  

these  r e s u l t s  too were n o t  reproducib le  a t  a later da te .  

2. The Def lagra t ion  of  Hydrazine Perchlorate-Addit ive Mixtures  

a. Fuel  Addi t ives  

In the  case oi ammonium p e r c h l o r a t e ,  it has  been found (15) t h a t  a t  

pressures  below t h a t  a t  vliich pure ammonium p e r c h l o r a t e  w i l l  s u s t a i n  d e f l a g r a t i o n ,  

aiimonium p e r c h l o r a t e - i u e l  mix tures  conta in ing  of t h e  o r d e r  o f  5% f u e l  do d e f l a -  

g r a t e  smoothly. Paraformaldehyde w a s  the most e f f e c t i v e  of  the f u e l  a d d i t i v e s  

i n  promoting d e f l a g r a t i o n  and f o r  t h a t  reason experiments w e r e  performed v i th  

mixtures  of  hydrazine p e r c h l o r a t e  and var ious  formaldehyde polymers. 

Experiments r j i th  paraformaldeh,idc tiere unsuccessfu l  because it vas 

found t h a t  when these  a d d i t i v e s  were m i x e d  wi th  hydrazine p e r c h l o r a t e  the  mixture  

became yellow and the consis tency changed from t h a t  of  the o r i g i n a l  powders t o  

t h a t  of  a dough. S- t r ioxane ,  a more s t a b l e  formaldehyde polymer than paraformal- 

dehyde, gave a l e s s  r e a c t i v e  mixture  than paraformaldehyde, b u t  t h e  r e s u l t s  were 

s t i l l  u n s a t i s f a c t o r y .  Del-rin", a s t a b i l i z e d  formaldehyde polymer, proved even 

less r e a c t i v e  than S-tr ioxane.  Magnesium oxide was added to hydrazine perchlora te -  

Del - r in  mixtures  on the theory t h a t  a c i d i t y  i n  the  hydrazine p e r c h l o r a t e  might be 

respons ib le  f o r  t h e  r e a c t i o n  occurr ing .  It 17as found t h a t  mix tures  of  94.5% 

hydrazine p e r c h l o r a t e  - 0.5% MgO - 5% Del-r in  were s t a b l e  and a series o f  e x p e r i -  

ments XIas performed w i t h  t h i s  mixture. 

Other fue l - type  a d d i t i v e s  were e f f e c t i v e  i n  promoting t h e  d e f l a g r a t i o n  

o f  hydrazine perchlora te .  Experiments have been performed w i t h  t h i o u r e a  and 

naphthalene. The r e s u l t s  o f  t h e  d e f l a g r a t i o n  experiments f o r  prehea ted  pure 

hydrazine p e r c h l o r a t e  and f o r  t h e  hydrazine p e r c h l o r a t e - f u e l  mix tures  a r e  s m -  

marized i n  Table I1 and Fig. 2 .  

o f  the c r y s t a l  dens i ty ,  i.e., t o  a d e n s i t y  o f  about  1.85 g/cc. 

The s t r a n d s  used were a l l  pressed  t o  about 95% 

* DuPont t r a d e  name 
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TABLE I1 
D e f l a g r a t i o n  Rates f o r  Hydrazine Perchlora te  

NO. Composition 

5% Del-Rin 0.5% I Q O  

52 Del-Rin 0.5% I l g O  

pure HP preheated to  69OC 

5;; Del-Rin 0.5% IQO 

5% Del-Rin 0.5% iIg0 

27* Thiourea 

5-L Naphthalene 

207’7 Thiourea 

prehea ted  t o  5 u o C  

1.87 

1.85 

1.87 

1.85 

1.85 

1.86 

1.53 

1.79 

1.91 

0.26 

0.52 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

2.0 

0.01-0.02 

0.11 

0.24 

0.22 

0.22 

0.17 

0.21 

0; 18 

0.52 

ri: 

(g/Cm2-sec) 

0.02-0.04 

0.21 

0.45 

0.41 

0.41 

0.32 

0.35 

0.32 

0.98 

10 5% Del-Kin 0.5% M g O  1.85 3.0 0.56 1.0 

11 5% Del-Rin 0.5% M g O  1.85 4.3 0.90 ~ 6 7  

12 preheated t o  5OoC 1.91 6.0 1.29 2.48 

13 5% Del-Rin 0.5% PIgO 1.85 7.0 1.39 2.5 

14 5X Thiourea 1.82 7.7 1.73 3.18 

15 la Thiourea 1.81 7.7 1.21 3.1 

D e f l a g r a t i o n  rates are given f o r  p r e s s u r e s  ranging from 0.26 atmo- 

spheres  t o  7.7 atmospheres. The experiment a t  0.26 atmospheres y ie lded  a 
curve o f  length-def lagra ted  vs .  time t h a t  has somewhat concave upward. The 

rate c i t e d  i s  thus  a rather crude value b u t  is of  i n t e r e s t  because of  the low 

pressure .  A l l  the o t h e r  rates were cons tan t .  Attempts t o  measure r a t e s  a t  

h igher  pressures  than 7.7 atmospheres r e s u l t e d  e i t h e r  i n  a complete l a c k  of 

i g n i t i o n  o r  i n  a d e f l a g r a t i o n  t h a t  proceeded down the  s i d e s  of  the s t r a n d s  

leav ing  a c e n t r a l  unburned core. 

Fig.  2 sliovs that a l l  t h e  d a t a  f a l l  f a i r l y  w e l l  around a s i n g l e  l i n e ,  

? = 0.22 P, where ? is i n  cm/sec and P is i n  atmospheres. 

b .  i’he E f f e c t s  of C a t a l y s t s  

i 

It has  been found that  copper chromite, potassium dichromate, and 

magnesium oxide promote the  d e f l a g r a t i o n  o f  hydrazine perchlora te .  Since none I 

o f  t h e s e  a d d i t i v e s  has any f u e l  conten t ,  they must be considered t o  be catalysts. 

The r e s u l t s  of exper iments  w i t h  these  a d d i t i v e  s p e c i e s  are shown i n  Table 111. 

Experiments were performed both  w i t h  pressed  ( p  

s t r a n d s .  

,- 

1.9 g / c c )  and tamped ( m  1.1 g/cc)  
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TABLE 111 

No. 

1 

2 

3 
4 
4a 

5 
6 
7 
8 
9 

10 

11 

d The Effec t  o f  C a t a l y s t s  on t h e  Def lagra t ion  of Hydrazine P e r c h l o r a t e  

P 
( g / c c )  
1.13 
1.10 

1.93 
1.95 
1.93 
1.17 
1.19 
1.90 
1.91 
1.89 
1.86 
1.31 

P 
(atm) 

1 

1 

1 

0.52 

2 

1 

1 

1 

1 

1 

1 

1 

2 f i 
(cm/sec) (g/cm / s e c )  

d i d  not  d e f l a g r a t e  

1 .22 1.32 

0.71 1.37 
0.36 0.69 

exploded 

d i d  not  d e f l a g r a t e  

0.75 0.89 

0.26 0.50 

0.21 0.59 

0.35 0.66 

0.12 0.16 
p a r t i  a1 de f 1 agra t  ion  

J 

i 
I It may be noted t h a t  f o r  copper chromite and potassium dichromate a mini- 

mum of around 5% c a t a l y s t  w a s  necessary i n  order  t o  a t t a i n  s teady  def lagra t ion ;  

however when d e f l a g r a t i o n  d i d  occur  t h e  r a t e  w a s  high compared t o  t h e  case f o r  

fuel-promoted d e f l a g r a t i o n .  It may be  noted too,  t a b l e  e n t r i e s  2 and 3, t h a t  

f o r  s t rands  c o n t a i n i n g  5% copper chromite but  having d i f f e r e n t  d e n s i t i e s ,  t h e  

1 
4 
, 
A 

I 

mass d e f l a g r a t i o n  rates a g r e e  w e l l  whi le  t h e  l i n e a r  rates do not .  It thus 1 
4 seems s a t i s f a c t o r y  t o  compare mass rates f o r  s t r a n d s  of  d i f f e r e n t  d e n s i t i e s .  

A comparison of t h i s  type  shows t h a t  potassium dichromate i s  a powerful c a t a l y s t  

b u t  not  as powerful as copper chromite. t 
,, 

Magnesium oxide  e x e r t s  q u i t e  a d i f f e r e n t  e f f e c t  than do t h e  above 

c a t a l y s t s .  Thus less of  i t ,  Z$, i s  requi red  t o  promote s teady  d e f l a g r a t i o n ,  

b u t  i t  i s  not capable  o f  producing as s p e c t a c u l a r  a r a t e  as copper chromite 

o r  potassium dichromate,  even i n  amounts a s  g r e a t  as 10%. 

The e f f e c t  o f  calcium oxide  was b r i e f l y  examined s i n c e  i t  i s  chemically -: 
2 

s i m i l a r  t o  magnesium oxide .  

g i v e  a somewhat lower r a t e ,  i .e . ,  as compared to t h e  curve of  Fig.  2. Calcium 

A tamped s t r a n d  d e f l a g r a t e d  at 1 atmosphere to  

oxide  i s  q u i t e  de l iquescent  and t h e r e  were i n d i c a t i o n s  i n  t h i s  experiment + 

o f  some moisture  absorp t ion .  

F 
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I n  a s i d e  experiment t o  see  i f  t h e r e  w a s  any g e n e r a l i t y  t o  t h e  

e f f e c t  of  magnesium oxide,  a tamped s t r a n d  o f  hydrazine n i t r a t e  containing 

2$ magnesium oxide  w a s  found 

(p = 0.93 g/cc,rh = 0.037 g/cc sec) while  pure hydrazine n i t r a t e  would not 

propagate d e f l a g r a t i o n .  

t o  d e f l a g r a t e  s t e a d i l y  a t  0.04 cm/sec 

3. The Temperature P r o f i l e  Measurements 

Temperature p r o f i l e s  o f  t h e  d e f l a g r a t i o n  wave have been made using 

bermocouples of 0.0005-inch P t  - P t ,  lo$ Rh wires jo ined  i n  a fused bead of  

approximately 0.001-inch diameter .  The v o l t a g e  changes were recorded by a 

Vis icorder  which r e g i s t e r s  v o l t a g e  changes by t h e  d e f l e c t i o n  of  a l i g h t  po in t  

on a moving f i lm.  T k  d e f l a g r a t i o n  r a t e s  w e r e  measured s imultaneously so t h a t  

i t  was p o s s i b l e  t o  convert  temperature-time records  t o  temperature-dis tance 

records.  

r a t e  measurements i n d i c a t e d  that  one could not  expect  a smooth temperature-time 

record. F igures  3 and 4 i l l u s t r a t e  the  type of record  obtained.  There are 

some i r r e g u l a r i t i e s  i n  t h e  curves,  but  t h e  d a t a  a r e  not  too erratic f o r  a n a l y s i s .  

The turbulence  of  t h e  l i q u i d  l a y e r  as  observed i n  t h e  d e f l a g r a t i o n  

Fig.  3 shows t r a c i n g s  o f  t h e  records obtained a t  0.5 atmospheres wi th  

a pressed s t r a n d  of 94.5% hydrazine perchlora te ,  5$ Del-Rin. 0.5$ Magnesium 

Oxide, p = 1.85 g/cc and Fig. 4 shows t h e  t r a c i n g  of  t h e  record obtained 

f o r  a tamped s t r a n d  of  t h e  same composition, p = 1.24 g/cc, a t  one atmosphere. 

In Fig. 5 and 6 a r e  shown t h e  experimental d a t a  converted to  a temperature- 

d i s t a n c e  func t ion  by means of  t h e  measured d e f l a g r a t i o n  r a t e s .  

The s o l i d  curves  i n  Figs .  5 and 6 are t h e  t h e o r e t i c a l  curves  

obtained f o r  i n d i c a t e d  v a l u e s  of thermal d i f f u s i v i t y  of  t h e  s o l i d .  The 

fol lowing t reatment  has  been appl ied .  

the zone bounded by t h e  d e f l a g r a t i n g  s u r f a c e  on t h e  one hand and ambient 

temperature on t h e  o t h e r  can be w r i t t e n  

The temperature  g r a d i e n t  wi th in  

where 

k = c o e f f i c i e n t  of h e a t  conduction 

c = s p e c i f i c  h e a t  

p = d e n s i t y  

qc = h e a t  produced w i t h i n  t h e  zone 

T = temperature  a t  p o i n t  x 

r = d e f l a g r a t i o n  r a t e  
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I f  qc = 0, t h e  above on i n t e g r a t i o n  y i e l d s  

T2 - Tu r 

T1 - TU 

I n  - - -  - K (x* - xl) 

k 
CP 2 

where K = - = thermal d i f f u s i v i t y ,  T2 and T1 a r e  t h e  temperatures  a t  po in t  x 

and xl, and T i s  t h e  ambient temperature. 

I t  is p o s s i b l e  t o  eva lua te  K f o r  t h e  p a r t i c u l a r  experimental d a t a  and 

t o  f i t  a T - x curve to  t h e  p o i n t s .  

t h a t  g ive  the b e s t  f i t s  a r e  0.0012 cm / s e c  f o r  t h e  pressed (p = 1.85 g/cc)  

s t r a n d  and 0.0018 cm / s e c  f o r  t h e  tamped (p = 1.24 g /cc)  s t r a n d .  

can be compared to  t h e  va lue  of  0.00285 cm / s e c  which can be c a l c u l a t e d  f o r  

ammonium p e r c h l o r a t e  o f  c r y s t a l  d e n s i t y ,  from repor ted  va lues  (16) of heat  

c a p a c i t y  and thermal conduct iv i ty .  

of  t h e  r i g h t  o r d e r  o f  magnitude. 

As F i g s .  5 and 6 show, t h e  va lues  f o r  K 
2 

2 These values  
2 

The va lues  found h e r e  thus  appear t o  be  

The curves of  F igs .  5 and 6 f i t  t h e  d a t a  f a i r l y  wel l .  Thus Fig. 5 
g ives  no i n d i c a t i o n  of hea t  release i n  the  condensed phase below 456C.  
Fig.  6 shows t h e  same r e s u l t  a t  least  t o  40Cf'C. 

t h a t  a t  0.5 a t m ,  f o r  t h e  pressed s t r a n d ,  Fig.  5, t h e  condensed phase reac t ion  

zone was about 0.5 mm t h i c k  while  at one atmosphere, f o r  t h e  tamped s t r a n d ,  

i t  was about 0.3 mm t h i c k .  

It may be  f u r t h e r  noted 

4. Temperature P r o f i l e s  f o r  Catalyzed St rands  

Fig.  7 shows t h e  temperature-time records  of  a hydrazine perchlorate-  

2$ MgO s t r a n d  a t  one atmosphere. 

the  r e a c t i o n  zone -1.6 mm. 

perchlorate-5% Del-Rin-O.5$ MgO s t r a n d  where ambient pressure  was a l s o  one 

atmosphere b u t  t h e  zone th ickness  was  about 0 . 3  mm. 

The d i s t i n c t i v e  f e a t u r e  i s  t h e  th ickness  of 

T h i s  may be  compared t o  Fig. 4 f o r  t h e  hydrazine 

5. Flame Temperature Measurements 

Thermodynamic c a l c u l a t i o n s  of  t h e  n a t u r e  o f  t h e  products  of hydrazine 

perchlora te  s e l f - d e f l a g r a t i o n  a t  a s e r i e s  of processes  were performed by an 

IBM-7090 computer program. 

were made assuming cons tan t -pressure  a d i a b a t i c  combustion t o  give equi l ibr ium 

products .  

t h i s  i s  about 808 higher  than t h a t  f o r  ammonium p e r c h l o r a t e  (2b). 

The resul ts  are shown i n  Table  I V .  The c a l c u l a t i o n s  

As Table  IV shows t h e  flame temperature  a t  1 atmosphere i s  2245.PK; 

, 
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I 19°C 

S t r a n d  Compos1 t i o n '  9 4 . 5 %  H y d r a z i n e  P e r c h l o r a t e  
5 %  D e l - R i n ,  0 . 5 %  Magnesium O x i d e  
D e n s i t y  = 1 . 8 5  g / c c  
P r e s s u r e  = 0 . 5  A t m o s p h e r e  
D e f l a g r a t i o n  R a t e  = 0 . 0 9  Cm/SeC 

Figure 3. Tracing of Thermocouple Record of Hydrazine 
Perchlorate Deflagration Wave. 



9 36 
m m  

S t r a n d  Composi t ion:  9 4 . 5 %  Hydraz ine  P e r c h l o r a t e  
5 %  Del -Rin ,  0 . 5 9 ,  Magnesium Oxide 
Dens i ty  = 1 . 2 4  g ' cc  
P r e s s u r e  - 1 Atmosphere 
D e f l a g r a t i o n  Rate  = 0 . 3 0  cm/sec 

Figure 4. Tracing of Thermocouple Record of 
Hydrazine Perchlorate  Deflagration Wave. 

-t 
r 
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S t r a n d  Conpos i  t i o n  9 4 .  57, H y d r a z i n e  P e r c h l o r a t e  
54: D e l - R i n ,  0 . 5  Magnesium O x i d e  
D e n s i t y  - 1 . 8 5  g:cc 
P r e s s u r e  0 .  5 A t m o s p h e r e  
D e f l a g r a t i o n  R a t e  0 . 0 9  Cm/SeC 
- 1 l i e o r e t i c a l  C u r v e  f o r  T h e r m a l  

D i f f u s i v i t y  - 0 . 0 0 1 2  crn2/sec  

0 E x p e r i m e n t a l  P o i n t s  

I I I 
I 0.02 0.04  0.06 

DISTANCE ( cm) 

Figure 5.  Temperature Profile of a Hydrazine Perchlorate Deflagration Wave. 
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I 1 I 

Strand Compos1 t i o n :  9 4 .  5 %  Hydrazine P e r c h l o r a t e  
57, Del-Rin, 0 . 5 %  Magnesium Oxide 
Density 1 . 2 4  g /cc  
Pressure  1 . 0  Atmosphere 

- Theore t ica l  Curve f o r  'Thermal 

Def lagra t ion ,  Rate  0 . 3  cm/seC 0 

D i f f u s i v i t y  = 0 . 0 0 1 8  cm2/sec 
0 

0.01  0.02 
DISTANCE (cm) 

0 . 0 3  

Figure 6. Temperature Profile of a Hydrazine Perchlorate Deflagration Wave. 



7 3  

1 

I 

b 
, 

I 

1 
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326°C 

S t r a n d  Composi t ion :  989, Hydrazine P e r c h l o r a t e  
29;; Magnesium Oxide 
Dens i ty  = 1 . 0 5  g / c c  
P r e s s u r e  = 1 Atmosphere 
D e f l a g r a t i o n  R a t e  = 0 . 4 6  cm'sec 

169 "C 

18°C 

I I 
I_ 1.6 m m  --o 

1 Second 

Figure 7. Tracing of Thermocouple Record of Hydrazine 
Perchlorate Deflagration Wave. 
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TABLE IV. 
HYDRAZINE PERCHLORATE 

Constant-pressure adiabatic combustion. I n i t i a l  temperature 25' C 

(AH = -42.5 kcal/mole) f 

P (atm) - 1 10 68.05 100 

T (OK) 
Total moles 
per  100 gm 

Species 
(Moles/100 gm) 

3. 
H 
0 

N 
c1 

H2 
H2° 

O2 

N2 

N02 
N2° 
c12 

HC 1 

OH 

NO 

2245.5 2291.6 ,2318.7 

3.815 3.798 3.787 

1.008 x lom3 2.606 X 0.766 x 
5.871 X 2.456 X 1.103 X 

0 0 0 

0.940 x lo-' 6.146 x 4.112 x 
5.369 x 10-3 2.204 x 10-3 0.982 x 10-3 
1.526 1.523 1.524 
0.659 0.688 0 699 
0.705 0.715 0 * 719 
4.872 X 3.262 X lo-* 2.231 X 

0.741 0.740 0.739 
2.606 x 2.889 x 3.062 X 

2.698 X 0.898 X 2.410 X 

0 2.354 x 6.512 x 
7.932 x 2.588 x 6.764 x 

2323.2 

3.784 

5.949 x 10-5 
9.341 x 
0 

3.774 x 

1.525 
8.313 X 

0.700 
0.720 
2.060 x 

0.739 
3.090 X 

2.933 X 

0.796 x 
0.816 x loe2 



75 

The s to ich iometry  corresponds c l o s e l y  t o  

N H CIOq+ N2 + HC1 + 2 H  0 + O2 2 5  2 

Since i t  has  been found t h a t  t h e  s e l f - d e f l a g r a t i o n  o f  ammonium 

p e r c h l o r a t e  does not  lead  t o  t h e  products  c a l c u l a t e d  on the  b a s i s  o f  thermo- 

dynamic equi l ibr ium, we f e l t  i t  d e s i r a b l e  t o  measure t h e  flame temperature  

f o r  hydrazine perchlora te .  A flame temperature  apprec iab ly  d i f f e r e n t  from 

t h a t  c a l c u l a t e d  would i n d i c a t e  a non-equilibrium d i s t r i b u t i o n  o f  products  

which would r e q u i r e  i n v e s t i g a t i o n .  

Pre l iminary  experiments were performed i n  which l e n g t h s  o f  one m i l  

p la t inum wire were s t r e t c h e d  through the  c e n t e r  o f  tamped s t r a n d s  of  hydrazine 

perchlora te .  

o f  t h e  flame had melted it .  

h e a t  l o s s  by r a d i a t i o n  w a s  es t imated  a t  about 48K. 
temperature  a t  somewhere above 2082~. 

Examination of  t h e  w i r e  a f t e r  d e f l a g r a t i o n  showed that t h e  passage 

The mel t ing  poin t  of  platinum i s  2042K and t h e  

This  p laced  t h e  flame 

Flame temperature measurements by t h e  sodium l i n e  r e v e r s a l  method 

were made with hydrazine p e r c h l o r a t e  s t r a n d s  conta in ing  * t h i o u r e a  and 2$ 

sodium chlor ide .  It w a s  found t h a t  t h i s  amount o f  sodium c h l o r i d e  was necessary 

t o  achieve a s u f f i c i e n t  i n t e n s i t y  of  emission of t h e  sodium D l i n e  for these  

experiments. It may be  poin ted  o u t  t h a t  i n  oxygen-rich, ch lor ine-conta in ing  

flames, as t h i s  one is, t h e  concent ra t ion  of  sodium atoms is decreased 

because t h e  equi l ibr ium 

H + N a C l  z? HC1 + Na 

i s  s h i f t e d  t o  t h e  l e f t  because t h e  hydrogen atom concent ra t ion  i s  so low. 

Thermodynamic c a l c u l a t i o n s  f o r  t h e  composition conta in ing  2$ 

t h i o u r e a  and 2% sodium c h l o r i d e  were made and t h e  t h e o r e t i c a l  flame tempera- 

t u r e  was found t o  b e  2224'K. 

r e v e r s a l  method gave a f i g u r e  of  

T h i s  i s  c l o s e  enough agreement so t h a t  we f e e l  t h a t  thermodynamic e q u i l i -  

brium i s  achieved i n  t h e  flame and t h e  r e a c t i o n  products  are as w r i t t e n  

above. This  d i f f e r s  markedly from t h e  r e s u l t s  with ammonium p e r c h l o r a t e  

where a s u b s t a n t i a l  f r a c t i o n  of  t h e  n i t r o g e n  was p r e s e n t  as oxides  o f  n i t r o -  

gen even a t  e l e v a t e d  p r e s s u r e s  (3). 

A series o f  measurements by t h e  sodium l i n e  

5 5 8 K  f o r  t h e  flame temperature. 
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V. DISCUSSION 

A. A General D e s c r i p t i o n  o f  t h e  Hydrazine P e r c h l o r a t e  Def lagra t ion  Process  

L e t  u s  f i r s t  assemble a d e s c r i p t i o n  of t h e  d e f l a g r a t i o n  process  f o r  

hydrazine perchlorate from the above r e s u l t s .  It i s  a process  charac te r ized  

by t h e  formation of  a molten zone which i s  q u i t e  t u r b u l e n t  and foamy; i t  

i s  a very e r r a t i c  process ,  p a r t i c u l a r l y  f o r  t h e  pure material and i t  i s  subjec t  

t o  very potent  c a t a l y s i s  by  copper chromite  and potassium dichromate and t o  

moderate c a t a l y s i s  by magnesium oxide.  The process  i s  comparatively repro- 

d u c i b l e  i n  t h e  presence  of  s m a l l  amounts o f  f u e l ,  and t h e  r a t e  obtained i s  

apparent ly  not  dependent on t h e  n a t u r e  o f  t h e  f u e l  bu t  o n l y  on t h e  ambient 

pressure .  

atmospheres. T h i s  corresponds t o  a r a t e ,  a t  one atmosphere, some 15 times 

that  c a l c u l a t e d  by e x t r a p o l a t i o n  f o r  ammonium p e r c h l o r a t e  (3). 
process  i s  u n s t a b l e  a t  pressures  above about 7 atmospheres and s teady  def la -  

g r a t i o n  cannot b e  a t t a i n e d  above t h i s  pressure .  

It i s  e x p r e s s i b l e  by k = 0.2- where t i s  i n  cm/sec and P i n  

However the  

The temperature  p r o f i l e  i n  uncatalyzed s t r a n d s  i s  such as t o  i n d i c a t e  

l i t t l e  heat  product ion  i n  t h e  condensed phase, and a l i q u i d  l a y e r  thickness  of 

0.3 mm a t  one atmosphere and 0.56 mm a t  h a l f  an atmosphere. 

much t h i c k e r  f o r  magnesium oxide-catalyzed s t rands .  

This l a y e r  i s  

F i n a l l y ,  from t h e  measured flame temperature, we conclude t h a t  

thermodynamic e q u i l i b r i u m  i s  a t t a i n e d  i n  t h e  d e f l a g r a t i o n  products .  

B.  The Mechanism o f  Def lagra t ion  Hydrazine P e r c h l o r a t e  

One approach t o  t h e  c o n s i d e r a t i o n  of  t h e  mechanism o f  hydrazine 

p e r c h l o r a t e  d e f l a g r a t i o n  i s  t o  cons ider  whether i t  f i t s  t h e  c l a s s i f i c a t i o n  of  

a vapor iza t ion  t y p e  process  l i k e  ammonium p e r c h l o r a t e ,  i .e . ,  where t h e  m a t e r i a l  

vapor izes  wi thout  decomposition and exothermic gas-phase r e a c t i o n s  occur  with 

r e s u l t a n t  h e a t  t r a n s f e r  t o  t h e  condensed phase. The a l t e r n a t i v e  t o  a process 

o f  th i s  type  i s  one wherein h e a t  product ion occurs  i n  the molten zone as a 

r e s u l t  o f  condensed phase r e a c t i o n s .  

Here i t  i s  o f  i n t e r e s t  t o  cons ider  t h e  vapor iza t ion  r a t e  measurements. 

The d a t a  obta ined  corresponded t o  t h e  express ion  
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I n  the  temperature p r o f i l e s  o f  t h e  d e f l a g r a t i o n  experiments bo th  at  one 

atmosphere, Fig.  6 ,  and one-half atmosphere, Fig.  5, temperatures  of the 

o r d e r  o f  4 5 8 C  were a t t a i n e d .  

express ion  y i e l d s  a v a p o r i z a t i o n  r a t e  of 0.4 gm/cm2 -sec. 

r a t e  

atmosphere was 0.18 gm/cm*-sec. 

thus  not  i n c o n s i s t e n t  with a vaporizat ion-type mechanism f o r  hydrazine 

p e r c h l o r a t e  d e f l a g r a t i o n .  

I n s e r t i o n  of  t h i s  temperature  i n  t h e  above 

The d e f l a g r a t i o n  

found a t  one atmosphere was 0.36 gm/cm2 -sec while t h a t  a t  h a l f  an 

The vapor iza t ion  ra te  measurements a r e  

I f  t h i s  is considered as one poin t  i n  favor  of  a vaporizat ion-type 

mechanism, a second p o i n t  i n  favor  of i t  i s  t h e  observa t ion  that  t h e  shape 

of t h e  temperature p r o f i l e  i n  t h e  condensed phase was t h a t  expected f o r  the  

c a s e  where t h e r e  i s  no hea t  r e l e a s e  i n  t h e  condensed phase. A t h i r d  point  

c o n s i s t e n t  with t h i s  p i c t u r e  i s  t h e  i n c r e a s e  o f  d e f l a g r a t i o n  r a t e  with 

pressure ,  a r e l a t i o n  t h a t  can be  explained on t h e  b a s i s  that ,  a s  t h e  pressure  

i s  increased,  t h e  exothermic gas-phase r e a c t i o n s  occur  e v e r  c l o s e r  t o  t h e  

condensed phase r e s u l t i n g  i n  a h igher  r a t e  of  hea t  t r a n s f e r .  

The main f e a t u r e s  of our  r e s u l t s  which are i n c o n s i s t e n t  with the  

above p i c t u r e  are t h e  v e r y  erratic n a t u r e  o f  t h e  d e f l a g r a t i o n  of  pure hydrazine 

p e r c h l o r a t e  and t h e  turbulen t  behavior  of  the molten zone. 

t o  see  how, f o r  example, small amount o f  i m p u r i t i e s  could a f f e c t  t h e  vapori-  

za t ion  process  from t h e  t u r b u l e n t  molten l a y e r .  

g r a t i o n  were dependent on vapor iza t ion  i t  appears t h a t  i t  should be more 

reproducible .  Contrar iwise,  i f  condensed phase r e a c t i o n s  a r e  important ,  then 

t h e  presence of  small  amounts o f  i m p u r i t i e s  which could c a t a l y z e  these  

r e a c t i o n s  could e a s i l y  be importa.it i n  dec id ing  whether d e f l a g r a t i o n  occurred 

o r  not .  The t u r b u l e n t ,  foaming appearance o f  t h e  molten zone a l s o  suggests  

It is d i f f i c u l t  

I n  o t h e r  words i f  the  def la -  

t h a t  gas  evolu t ion ,  i.e., r e a c t i o n ,  i s  occurr ing  w i t h i n  t h e  body o f  t h e  

molten l i q u i d .  

The most p l a u s i b l e  d e s c r i p t i o n  of  t h e  process  i s  one i n  which 

t h e  mechanism i s  predominantly a Vaporizat ion process  but  where t h e r e  i s  
a small (because t h e  temperature  p r o f i l e  does n o t  show i t )  b u t  necessary  

c o n t r i b u t i o n  from condensed-phase reac t ion .  

We f e e l  t h a t  t h e  e r r a t i c  d e f l a g r a t i o n  behavior  o f  pure  hydrazine 

p e r c h l o r a t e  i s  a t t r i b u t a b l e  t o  t h e  presence o r  absence of small amount of  

i m p u r i t i e s  t h a t  ca ta lyzed  t h e  condensed-phase process ,  which i m p l i e s  t h a t  - 
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when t h e  condensed phase process  d id  not  occur ,  d e f l a g r a t i o n  would not 

propagate .  

ox ida t ion- reduct ion  r e a c t i o n s  to occur i n  t h e  condensed-phase t h a t  w u l d  

l i k e w i s e  promote d e f l a g r a t i o n .  The f a c t  t h a t  t h e  d e f l a g r a t i o n  rates 

observed depended o n l y  on  ambient pressure ,  i r r e s p e c t i v e  of whether the  

s t r a n d  was pure hydraz ine  perchlora te ,  whether it w a s  preheated,  o r  what 

t h e  n a t u r e  o f  the f u e l  w a s ,  sugges ts  t h a t  although a condensed-phase 

r e a c t i o n  is a s i n e  qua non f o r  s t a b l e  d e f l a g r a t i o n ,  t h e  a c t u a l  rate is 
determined by the ambient pressure.  

The f u n c t i o n  of  t h e  f u e l s  then would be t o  a l low exothermic 

W e  a t t r i b u t e  the e f f e c t s  of  copper chromite, potassium dichromate 

and magnesium o x i d e  t o  c a t a l y s i s  of condensed-phase r e a c t i o n s ,  of  t h e  

c a t a l y s i s  o f  t h e  p y r o l y s i s  r e a c t i o n  by s p e c i e s  of  th i s  type (12). 

F i n a l l y  we cons ider  t h e  apparent upper pressure  l i m i t  o f  def la -  

g r a t i o n  occurr ing  at about seven atmospheres. A similar phenomenon was 

observed f o r  ammonium p e r c h l o r a t e  a t  p r e s s u r e s  near  2300 p s i .  This was 

found t o  b e  due t o  convec t ive  cool ing  and was el iminated by a l t e r a t i o n  o f  

t h e  strand geometry or  b y  wrapping t h e  s t r a n d  with asbestos .  It does not  

appear  t h a t  convec t ive  c o o l i n g  i s  o c c u r r i n g  here ,  s i n c e  c e s s a t i o n  of  d e f l a -  

g r a t i o n  occurs  even when t h e  material i s  contained w i t h i n  a g l a s s  tube, 

which should minimize convec t ive  e f f e c t s .  

t h a t  a t  pressures  o f  t h e  o r d e r  o f  seven atmospheres, t h e  l i q u i d  l a y e r  becomes 

t o o  t h i n  t o  suppor t  t h e  c o n t r i b u t i o n  o f  condensed-phase r e a c t i o n  necessary 

f o r  s t a b l e  d e f l a g r a t i o n  and i t  i s  f o r  t h i s  reason that t h e  upper l i m i t  i s  

observed. 

A t  p resent  we can only  conclude 

:I 
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Denville, New Jersey 

I WRODUCTION 

The percklorates of hydrazine, namely, hydrazinium monoperchlorate ( N ~ H ~ c ~ o ~ )  
and hydrazinium diperchlorate  ( N&( C I O ~ ) ~ )  a r e  receiving increasing a t ten t ion  a s  
high energy sol id  propellant ingredients.  While b o t h  of these compounds have been 
known f o r  some time, very l i t t l e  has appeared concerning t h e i r  thermal reactions. 

The monoperchlorate was f i r s t  reported by Salvadori i n  1907 (Ref 1). 
reported decomposition a f t e r  prolonged heating a t  1 3 1 - 1 3 2 O ,  a rapid increase i n  
rate with increased temperature, and explosion a t  240°. 
(Ref 2) reported decomposition beginning at 145'. 
was reported by Shidlovskii ,  Semishin and Shmagin (Ref  3 )  who studied weight loss 
a t  temperatures f r o m  160° to 250'. 
was reported by Turrentine i n  1915 (Ref 4), however, there  i s  no information 
reported on the propert ies  of t h e  anhydrous material .  

He 

Barlot and Marsule 
The most recent information 

The dihydrate of hydrazinium diperchlorate 

I n  our  program t o  elucidate  the chemistry of these important compounds, we 
have examined t h e i r  thermal react ions as a f i r s t  step. 

EXmRIMEm 

A. Materials 

Kydrazinium Dipercblorate ( W-2) 

The HP-2 used i n  t h i s  study consisted of uniform small c r y s t a l s  (0 .3 to 
Its puri ty  was determined by a potentiometric t i t r a t i o n  Kith a standard 

The major impuri t ies  were hydrazine (mono-) perchlorate o r  f ree  perchloric 
Their presence depended on the  extent of drying and the precise balance 

Examples of the  puri ty  of various batches used a r e  

0.8 mm). 
base. 
acid.  
was d i f f i c u l t  to maintain. 
shown i n  Table I.  

1 
/ 

r 

/' 
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TABLE I 

ANALYSIS OF VARIOUS W-2 SAMPLES 

Batch No. 

1 
2 
3 
4 
5 

$ HP-2 

99.86 
99.89 
99.79 
99.37 
99.58 

$ Impurity 

0.42 - Rp 
0.26 - HP 
0.15 - H C ~ O ~  
0.15 - w 
0.04 - HC104 

Hydrazinium Monoperchlorate ( W) 

High pur i ty  HP was prepared by neutral iz ing 60$ HC104 w i t h  75$ N2& at 
temperatures from OO-25'. 
cold i n  scintered g l a s s  funnels. 
f r o m  the f i l t e r  with a Teflon spatula and placed i n  a drying tube at  70° f o r  two 
hours a t  a constant vacuum of 0.05 mm Hg t o  break down the hemihydrate. Samples 
were t i t r a t e d  e i t h e r  potentiometrically o r  with phenolphthalien indicator  by 
0.1000 N. MOH. 

The salt prec ip i ta ted  f r o m  water a t  00 and was f i l t e r e d  
The fine w h i t e  c rys t a l s  were gently removed 

Character is t ic  puri ty  fac tors  range from 99.83% t o  99.9446. 

B. @ratus and Procedure 

The decompositions were followed manometrically by monitoring pressure 
r i s e  a t  constant temperature i n  a constant volume reactor .  The apparatus was 
fabricated completely of glass a d  contained a t h i n  g l a s s  membrane which was 
used fo r  sensing pressure. A diagram of the apparatus i s  shown i n  Figure 1. 
glas s  pointer  was fused t o  the  diaphragm and the apparatus w a s  used as a nul l  
device by adjusting the pressure i n  the external volume u n t i l  the  pointer  came 
t o  rest at the reference mark. The sens i t i v i ty  of the gauge varied f r o m  one 
diaphragm t o  another, however, a l l  gave perceptible def lect ions of t he  pointer  
f o r  pressure d i f f e ren t i a l s  of 1 mm. 

A 

A t  the  completion of  the reaction, gas samples were col lected through 
the  break-off s ea l  and analyzed on the mass spectrometer. 
res idues were analyzed by conventional w e t  ana ly t ica l  techniques. 

Condensed phase 

RESULTS AND DISCUSSION 

A. General Nature of the Reaction 

I n  a sealed system the react ion of HP-2 i s  characterized by an  induction 
period, during which time a gradual pressure rise i s  observed. A t  the  end of the 
induction period the react ion accelerates  very sharply and complete decomposition 
results. A typical  pressure vs time curve i s  shown i n  Figure 2. The i n i t i a l  
phase of  the  W react ion i s  also acceleratory, however, there  i s  no s ign of the 
acce lera t ion  o f  the type charac te r i s t ic  of HP-2. 
curve f o r  HP i s  shown i n  Figure 3 .  

A typ ica l  pressure vs time 

! 
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B. Stoichiometry 

Analysis of the vapor and condensed products of the overal l  HP-2 reaction 
indicate  the  following stoichiometry. 

12N2&3( C104)2 --+ 4mC104 + l2HClO4 + 22H20 + l O N 2  + 502 + 4C12  

The overal l  stoichiometry of the  HP react ion is: 

8N2H5C104 . .- 7mC104  + NL14Cl + 4 N 2  + 4&0 

c. Rate Measurements 

Hydrazinium Diperchlorate 

For the case of HP2 there  i s  a very sharp t r a n s i t i o n  a t  the i n i t i a t i o n  
of the  accelerated phase. 
into the accelerated phase the  concentrations of a l l  reacting species a r e  equal. 

The assumption was made t h a t  when the react ion goes 

Thus the expression f o r  the r a t e  of disappearance of W-2 may be writ ten 
as follows: 

-a !3P-27. 
= kf(C) 

d t  

where k i s  the  specif ic  r a t e  constant and f(C) is  some function of the concentration 
of reactants .  

Integrat ion of (1) gives 

k t i  = f ' ( C i )  (2) 

the subscript  represents t h e  i n i t i a t i o n  of the accelerated phase of decomposition. 

The assumption i s  made that a t  ti, t h e  concentrations of all reactants 
a r e  equal and f'(Ci) i s  constant.  
proportiom1 tothe spec i f ic  r a t e  constant. 

Thus the time t o  accelerat ion i s  inversely 

l/ti = kok ( 3 )  

where l/b i s  f ' ( C i ) .  

bas i s  of b k  o r  l/ti. 
I n  any s e r i e s  of experiments the  r a t e s  o f  reaction were compared on the  

Hydrazinium Monoperchlorate 

The reaction of HP i s  not characterized by t h e  same type of rapid 
accelerat ion as i s  found f o r  HP-2. 
following t h e  expression 

Rather the first l O $  of react ion is accelemtory 

';'/No = A t 2  
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where 7 = nwber of moles o f  gaseous products 
No = number of moles of HP or ig ina l ly  present 
t = time i n  minutes 

The r a t e  of react ion remains constant from approximately 1% t o  704& 

?/No = C(t-D) 

For comparison of r a t e s  a t  various temperatures the l i n e a r  port ion of 

decomposition and i s  given by the  following expression: 

the curve was used. 

D.  Effect of Temperature 

The time t o  accelerat ion (ti) f o r  HP-2 i s  shown a s  a function of tem- 
perature i n  Table 11. 

TABU I1 
, 

TIME TO ACCELERATION AS A FUNCTION OF TEMPERATURE 

Temperature ( O C )  Induction Period ( h r s l  

120 
130 
140 
150 

77 
32 
22 
9 

The dependence of react ion r a t e  on temperature is given by the Arrhenius 
re la t ionship  

-E/RT \ 

k = A e  (4) 
Substituting f o r  the  specif ic  r a t e  constant f r o m  (3) gives: 

-E/RT 
l/ti = koAe ( 5 )  

or l n ( l / t i )  = ln(koA) - E/RT ( 6 )  

For Hp-2 between 100 and l 5 O o C  the relat ionship between l/ti and tem- 
perature  is: 

log i/ti = 11.203 - 
T( OK) 

and the ac t iva t ion  energy, E, i s  23.5 kcal/mole. 

I k 
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The ef fec t  of  temperature on the decomposition ra te  of HE i s  shown i n  
TLble  111. 
t h e  power expression: 

Tne tab le  gives  t h e  values of A, C and D which a r e  t h e  parameters of 

0 > ?/No >0.1 ?/No = A t 2  

and the l i n e a r  expression: 

Y)/N = C ( t - D )  0.1 >?/No '> 0.7 

Values of ti ( t i m e  of t rans i t ion  from the power law t o  t h e  l i n e a r  l a w )  
and values of ~ / N O  a t  ti a r e  a l s o  given. 

TABLE I11 

8 T O c  k x 10 
TEWERATURE: EFFECT OF HP DECOMPOSITION 

D ti-* ?/NO a t  ti* 
- - c x lo4  

140 6.25 1 . 3 1  1200 0.090 

0.090 
552 480 

0.070 
320 300 158 107 6.9 

170 260 10.9 104 170 
181 1070 21.0 53 95 0.090 
200 18,000 86.0 10 27 0.140 

0.080 
166 

150 22.9 3.25 

*Approximate values-time i n  minutes. 

A Plot of values of log c versus 1 / p K  gives an act ivat ion energy f o r  
t h e  l i n e a r  portion of the  curve of 23.8 kcallmole from 140°C t o  20OoC. 

E. Effect  of  Reaction Products 

The reaction of HP-2 i s  self accelerating and suggests autocatalysis  by 
react ion products. The e f f e c t  of two of the  react ion products are given below. 

1. Perchloric Acid Dihydrate 

The addi t ion of  perchloric acid dihydrate has the e f f e c t  of  
accelerat ing the decomposition of HP-2. 
t o  accelerat ion ( l / t i )  i s  given by the following expression. 

The exact e f f e c t  i n  terms of the  time 

l/ti = kokl + kok2 EHC10+*2H20] 

a t  140°, b k l  = 0.04 h r - l  which i s  the rate of the react ion i n  t h e  absence of 
addi t ive and kok2 = 0.04 .hr-l  ( w t  '$)-l. 

Thus the  r a t e  of the  react ion i s  doubled when one percent of the 
a c i d  dihydrate is added. 

i 
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2. Anhydrous Perchloric Acid 

The addi t ion o f  anhydrous perchloric acid accelerates  the  reaction 

U s i n g  the  above convention, however, it was possible t o  
of HP-2 t o  such an  extent  t h a t  it exceeds the capacity of  the experimental 
technique a t  140'. 
determine a lower l i m i t  on the  value pf the r a t e  constant b k 2 .  
value of kok2 i s  grea te r  than 2.5 hr- Thus the r a t e  of HP-2 decom- 
posi t ion i s  increased by a fac tor  of a t  l e a s t  60 when one percent of  anhydrous 
HC104 i s  present. 

A t  140' the  
(h $Im1. 

F. Reaction Mechanism 

The i n i t i a l  s tep  i n  t h e  decomposition of HP-2 i s  the dissociat ion t o  HP 
and perchloric acid: 

-.-+ N2H5C104 'HC104  c--.N2H5C104 + HC104 

This s tep was ver i f ied  by i so la t ion  of anhydrous HC104 as t h e  only vapor 
phase specie during t h e  e a r l y  phases of the reaction. 
i n  terms of the  pressure of HC104 were determined as a function of temperature 
and a r e  given by the following expression. 

The equilibrium constants 

l o g  P ( ~ )  = 22.86 - 8,650 
T (OK) 

100' t o  140°C 

and t h e  heat of dissociat ion i s  37 kcdL/mole. 

The i n i t i a l  s tep of  the HP decomposition i s  a proton t r a n s f e r  t o  
produce f r e e  hydrazine and anhydrous perchloric acid: 

N 2 H ~ C 1 0 4  <ll?N2H4 + H C l O 4  

The dissociat ion pressures f o r  t h i s  reaction could not be measured 
d i r e c t l y  i n  the  Sickle gauge apparatus. 
detected t o  150'. 
a t t a i n  equilibrium. 

No dissociat ion pressure could be 
A t  higher temperatures t h e  decomposition was too rapid t o  

The i n i t i a l  dissociat ion i n  both cases i s  followed by decomposition of 
HC104 since it is  considerably l e s s  s table  than Hp-2 o r  HP. 

The react ion of a 3 d m u s  HC104 has been studied by Levy (Ref 5 ) .  A t  
high temperatures (above 300 ) the  vapor phase react ion i s  a homgeneous one. 
Below approximately 300°C the  react ion i s  a heterogeneous one, t h e  r a t e  of which 
depends on the  nature of  t h e  surface with which it i s  i n  contact. 
Tsentsiper ( R e f  6) report  an  ac t iva t ion  energy of 22.2 kcal/mole f o r  the low 
temperature reaction. 
Hp-2 and HC104 reactions suggest t h a t  the decomposition of HC104 may be t h e  
controll ing s tep  i n  each case. 

Zinov'ev and 

The s imi la r i ty  of t h e  temperature coeff ic ient  of t h e  H P ,  

Since the  decomposition of H c 1 0 4  is  mainly a heterogeneous one i n  the 
temperature range of i n t e r e s t ,  tests were performed t o  determine t h e  e f f e c t  of 
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surface on t h e  HP-2 reaction. The Pyrex surface was increased by the  addi t ion of 
known quant i t ies  of  Eyrex micro spheres. 
reactant .  The presence of t h e  g l a s s  surface increased the ra te .  The overal l  
r a t e  of t h e  heterogeneous reac t ion  i s  given by the  following expression: 

These were intimately mixed with the 

where kokl i s  the r a t e  i n  t h e  absence of added surface; k j  i s  the specif ic  ra te  
constant on surface j and S j  i s  t h e  surface area of the j t h  surface. 

A t  140' on Pyrex g l a s s  t h e  value of  Wpyrex i s  0.005 hr-I (cm2)-l. 
Thus the heterogeneous nature  of the  react ion i s  important and t h i s  f u r t k r  
suggests that the decomposition of  HC104 i s  a control l ing s tep  i n  the  reaction. 

i!t 140° t h e  perchlor ic  ac id  decomposes on a surface as follows: 

HC104--J HO' + * (2103 

Only the two products formed by the i n i t i a l  dissociat ion o f  HC104 are 
shown. Many other ac t ive  oxidizing species such as C102, C104,  C1203, are un- 
doubtedly a l s o  formed. The oxidizing species formed can oxidize the hydrazine 
moiety of HP-2 to  ammonia thereby releasing a mole of  perchloric acid. 
react ion i s  i l l u s t r a t e d  below f o r  the  HO- and c103' radicals .  The same overal l  
r e s u l t s  a r e  obtained with o ther  oxidizing intermediates. 

The 

HO- + N2H5C1O4.HClO4 +&O + 1 / 2 N 2  + NIf4c104 + HC104 

c103' + 6N&&104*HCl04  ---)3HzO + 3 N 2  + 6 ~ ~ 1 0 ~  + 1/2C12 + 6 ~ ~ 1 0 ~  

Each mole of  perchlor ic  a c i d  has the  capacity t o  oxidize seven moles of 
hydrazine which i n  t u r n  releases seven addi t ional  moles of perchloric acid.  
a rapid chain-branching s t e p  can account f o r  t h e  rapid t r a n s i t i o n  f r o m  t h e  slow 
preaccelerat ion phase of t h e  react ion t o  the rapid acceleration. 

Such 

The suggested reac t ions  a r e  a l so  consistent with t h e  f a c t  t h a t  Rp does 
Oxidizing intermediates formed by the  decomposition of not accelerate  rapidly.  

HC104  react  with W as follows. 

N$5C104 + 'OH + H 2 0  + w4c104 + 1 / 2 N 2  

7N2H5C104 + 'C103 j 3 H 2 0  + 6&c104 + 3 1 / 2 N 2  + WC1 

An approximate k i n e t i c  expression based on t h e  above consideration i n  
which a l l  oxidizing species are included, reduces to :  

This expression shows t h a t  t h e  r a t e  of gas evolution should increase 
u n t i l  steady state concentrations of a l l  oxidizing species a r e  reached. Af'ter 
t h i s  time (ti) t h e  concentrations of oxidizing intermediates remain constant 
and are  dependent on the  equilibrium dissociat ion pressure of  HP a t  the  experi- 
mental temperature. The rate then r emins  constant u n t i l  the  HP becomes depleted. 
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SUMMARY AND CONCLUSIONS 

The i n i t i a l  s tep i n  the thermal decomposition of  HP-2 and HP i s  the 
dissociat ion of the  acid-base complex t o  give f r e e  perchloric acid.  
sequent decomposition of perchloric acid controls  t h e  r a t e  of t h e  overa l l  reaction. 

The sub- 

I n  the case of HP-2 the  react ion i s  self-accelerating due t o  autocatalysis  by 
react ion products. The general form of t h e  react ion sequence i s  as follows: 

kl 
A . -----.--jB + Products 

k2 
7k + B 

The la rge  branching coef f ic ien t  (7) and t h e  f a c t  that k, > k l  leads t o  a 

--- j 7B + Products 

very sharp t r a n s i t i o n  from a slow preacceleration react ion t o  a rapid accelerated 
phase. 

The HP reaction d i f f e r s  f r o m  t h a t  of HP-2 i n  t h a t  no autocatalysis  i s  
involved. 
intermediates a re  b u i l t  up, but a f t e r  a steady state concentration i s  reached the 
r a t e  remains constant u n t i l  the  concentration of HP becomes depleted. 

The i n i t i a l  r a t e  of t h e  HP react ion does increase as ac t ive  oxidizing 
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DECOPIPOSITION OF I'IITRONILJhl PERCHLORATE" 

M. D. biarshjll and L. L. Lewis 

Cal lery Chemical Company, Callery, Pennsylvania 

Abstract 

The decomposition react ion f o r  nitronium perchlorate i s  believed t o  be 
t h e  formation of nitrosonium perchlorate and oxygen. 
C12 ,  (2102) observed during the  decomposition appear t o  be the r e su l t  of the sub- 
sequent decorposition of nitrosonium perchlorate. 
demonstrated i n  vacuo by a preponderance of oxygen i n  the vo la t i l e s  during the 
ear ly  stages of t h e  decomposition of nitronium perchlorate and by the products of 
t h e  l a t t e r  stages which descr ibe the  decomposition of nitrosonium perchlorate. 

I n  sealed tubes, the  react ion of dinitrogen te t roxide w i t h  nitronium 
perchlorate ultimately predominates, giving nitrosonium perchlorate and oxygen as 
products. 

The other products (NO2, 

This mechanism i s  c lear ly  

This react ion has been shown t o  be catalyzed by dinitrogen tetroxide. 

Introduction 

Nitronium perchlorate  begins t o  decompose slowly a t  approximately 50°C 
resu l t ing  i n  the production of gaseous products. 
pur i ty  of t he  sample i s  r e l a t ed  t o  the decomposition. 
e f fo r t s  by s e v e r d  inves t iga tors  t o  obtain high-purity samples, decomposition i s  
s ign i f icant  by 60"c. 

There is  some evidence t h a t  the  
On the other  hand, despi te  

Our in t e re s t  i n  t h i s  problem was one of es tabl ishing the  mechanism fo r  
t h e  decomposition. By doing so we hoped t o  obtain information t h a t  would allow 
u s  t o  prevent or suppress the  decomposition. 

been reported by Cordestly a s  proceeding t o  the gaseous products: NO2, C12, C102, 
N0&1 and 02. 
t h a t ,  a t  65"c i n  sealed tubes, nitrosonium perchlorate was a major decomposition 
product. 
phase, would quant i ta t ive ly  convert nitronium perchlorate t o  nitrosonium perchlor- 
a te .  Thus, a mechanism involving only gaseous products appeared unlikely. 

The decomposi i n of nitronium perchlorate between 70 and 112°C has 

As a r e s u l t  of some screening experiments at Ca3lery we were aware 

W e  were also aware t h a t  dinitrogen te t roxide,  a t  l e a s t  i n  the  l iqu id  

To avoid any such back react ion of dinitrogen te t roxide with nitronium 
perchlorate we decided t o  carry out our study under vacuum, with continuous re- 
nova3 of products. 
decomposition r a t e ,  but  one at which the  gaseous products could be handled by the 
pumping system. 

Experimental 

The temperature of 65"c was chosen s o  as t o  give a s ignif icant  

The decompositions vere carr ied out i n  g lass  reactors  connected through 
a short coupling t o  a small vacum system. 
hygroscopic, and even with utmost care, the  presence of  hydrolysis products cannot 
be avoided. 

Nitronium perchlorate i s  extremely 

Therefore, a f t e r  completing the  sample t ransfer  t o  the  decomposition 

+ 

U. S. Arny Research Office, Durham, North Caxolina [Cont. No. DA-31-1d-ARO(D)-121 

(1) Cordes, H. F., J. phys. Chem. 1.693 (1963). 

This reseazch was supported by the Advanced Research Projects Agenc under the 



reactor ,  the  removal of hydrolysis products (HNOs and HC104) were effected by pump- 
ing a t  10-5 mm of mercury at room temperature u n t i l  a constant weight was obtained.* 

The decomposition w a s  monitored at 65"c while continuously pumping on the  
sample. 
The vo la t i l e  decomposition products were passed through a -196°C t rap ,  where con- 
densables were removed and per iodical ly  analyzed. 
en t i r e ly  of oxygen, were Toeplerized e i the r  continuously, o r  per iodical ly  t o  check 
t h e i r  r a t e  of renoval. 
recovered o r  measured and appropriate analyses carr ied out on the  residue. 
l ined  nitronium perchlorate w a s  weighed With the residue. 
limed so l ids  were measured and analyzed. 

A pressure of at l e a s t  10-4 rnm of mercury was maintained i n  the  system. 

Non-condensables, consisting 

The weight-loss of the  sample w a s  checked against  vo la t i les  
Sub- 

On most runs, the  sub- 

Results and Discussion 

The decomposition experiments were characterized by: (1) An immediate 
deposition of sublimed materials on the  cooled reactor  w a l l s  within one minute 
a f t e r  placing the sample i n  the  65"c bath; (2) An induction period of 24-40 hours 
during which no visible evidence of vo la t i l e s  was observed; (3)  An i n i t i a l l y  slow, 
bu t  rapidly accelerating production of oxygen which maximized at approximately 100 
hours with concurrent appearance of yellow condensable i n  the  -196"~ t rap;  and 
f i n a l l y  (4) A noticeable decrease i n  the r a t e  of oxygen evolution which diminished 
slowly throughout t he  reminder  of t he  run. 

Oxygen Evolution 

A p lo t  of the t o t a l  oxygen evolved versus t i m e  gave the typ ica l  sigmoid 
curve charac te r i s t ic  of so l id  decomposition (Figure 1). 
a t ion  periods a re  c lear ly  evident, along with the  subsequent lower r a t e  of t o t a l  
oxygen evolution during the  decay stage. 

The induction and acce lep  

A plo t  of the  r a t e  of oxygen evolution for one experiment is  shown i n  
Figure 1. The peak r a t e  of oxygen re lease  occurred a t  approximately 100 hours, a t  
about a lo$ weight loss ,  and with more than 80% of t h e  nitroniwn perchlorate s t i l l  
i n t a c t  i n  the  sample (80$ figure obtained from a similar run stopped at t h i s  point 
and the so l id s  analyzed.). 

The r a t i o  of oxygen released per gram of wei&t-loss incurred a l so  varied 
throughout the run. Table I smmarizes t h i s  da ta  fo r  two experiments. 

+ The effectiveness of t h i s  procedure w a s  demonstrated by adding a measured 
amount of water t o  a sample of nitronium perchlorate and, after pumping according 
t o  t h e  procedure described, the weight-loss was measured f o r  the sample and the  
n i t r i c  and perchloric acids titrated i n  the  recovered vola t i les .  AU values were 
theore t ica l  i n th in  limits of the  analyses. 
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TABLE I 

RATIO OF OXYGEN EVOLVED PER GRAM I4EIGHT-LOSS 

Total  Tine (hrs.) wt. Loss (8) 09 (moles)  

Run No. 1 

29 
73 
92 

112 
132 
154 
174 

Run No. 2 

----- 
0.160 

0.161 

0.163 

0.140 

0.154 

0.150 

0.341 

0.129 
0.177 

0.103 

0.02 
2.46 
2.01 

1 - 9 3  
2.13 

1.80 
1.47 

mmoles Or 
g. wt. l o s s  

11.1 
9.8 

3-98 11.7 
1.32 7.3 
0.88 6.8 
0.66 6.5 

The change f rom 15.5 t o  6.5 f o r  the  moles  of 02 per gram wt.-loss i s  s ignif icant  
i n  t h a t  it denotes a mechanism change, or  the  increasing importance of a secondary 
react ion.  
ta ined  from nitronium perchlorate  decomposition react ions giving only gaseous pro- 
ducts, bu t  they must arise from a combination of react ions i n  which the production 
and decomposition of NCC104 i s  involved. 
obtainable from NO&104 f o r  t h i s  r a t i o  a re  shown by the equations 

The 15.5 and 6.5 values axe also s igni f icant  since they cannot be ob- 

The highest and lowest possible values 

(moles  02/g. wt. loss) 

N O g 1 0 4  -- NO2 + 1/2 C 1 2  + 2 02 13.8 

N O S 1 0 4  ----------.) NO2 + C 1 0 2  + 1/2 02 6-9 

On t h e  other  hand, values of 31.3 and 3.9 are possible from the  production and 
decomposition, respect ively,  of nitrosonium perchlorate. 

(moles  ~ p / g .  w t .  l o s s )  

N O S ~ O ~  --- ~ m 1 . 0 ~  + 1/2  o2 31.3 

NJoc10~ ---.a NO2 + c102 + 1/2  02 399 

Volat i les  Condensable a t  -196"~ 

The condensed mater ia ls  were ident i f ied  as N 0 2 ,  C l 2  and C102 by means 
of in f ra red  and mass spec. analyses. 
chlor ine and nitrogen content. 
invariably equaled the  equivalents of nitrogen found, within limits of the  
analyses. 

The sample was hydrolyzed and analyzed for  
The combined equivalents of chlor ine ( C l 2  t C 1 0 2 )  

The nitrogen dioxide produced (measured as nitrogen i n  the  hydrolysate) 
per gram of weight-loss of sample slowly increased as the  decomposition progressed 
The values fo r  two runs are shown i n  Table 11. 



TABLE I1 

NO2 PRODUCED PER GRAM (3' WEIGHT-LOSS 

m o l e s  NO2 
Total  Time (hrs.) W t .  Loss (g) NO2 Produced (mats) go wt. l o s s  

Run No. 1 

73 
92 

112 
132 
154 
174 

Run No. 2 

397 
492 

0.160 
0.140 
0.161 
0.154 
0.163 
0.150 

0.647 
0.103 

0.90 
0.77 
0.93 
0.99 
1.07 
1.02 

4.32 
0.78 

5.6 
5.5 
5.8 
6.4 
6.6 
6.8 

6.7 
7.6 

It is  again s igni f icant  tha t  the  value of 7.6 m o l e s  of NO, per gram of 
weight-loss of sample obtained over the  las t  period from 397 t o  492 hours of de- 
composition f o r  Run No. 2 cannot be obtained from any decomposition react ion one 
may write f o r  NO&104. It is, however, near ly  theore t ica l  f o r  t he  decomposition 
of NoC104 t o  volatiles." 

m o l e s  NO2 
g. wt. loss 

Nm104 - NO;! + C 1 0 2  (Cl;! + 1/2 02 7.7 

Analysis of Sol ids  

I n  our or ig ina l  hypothesis, we believed the  formation of NoC104 i n  the 
residue would be avoided by carrying out the  decomposition under vacuum. By doing 
so, we  hoped t o  prevent the  back react ion of the  NO2 produced i n  the  decomposition 
with NO$lO4. 
quant i t ies ,  possibly suggesting i ts  fonnation by a d i f f e ren t  mechanism. 
sence was confirmed by x-ray, Raman and wet analysis  techniques. 

Nevertheless, Nm104 was observed i n  t h e  residue i n  subs tan t ia l  
Its pre- 

Figure 2 compares t h e  NE104 found i n  the  residue with the  N02C1O4 de- 
composed as a f inct ion of t i m e .  
duction of NoC104 i s  observed t o  coincide with the  peak rate of NO&104 decompo- 
s i t ion .  
perchlorate as indicated by the  slopes of t he  curves. This would most cer ta in ly  
be true if, as  we suspect, nitrosonium perchlorate i s  also being continuously pro- 
duced from the decomposition of nitronium perchlorate during t h i s  period. 

With the  l imi ted  da ta  avzilable, t he  peak pro- 

"he NCC104 d s o  appears t o  decompose at a faster r a t e  than t h e  nitronium 

A study of t he  decomposition of NoC104 under conditions iden t i ca l  t o  t h i s  
study gave the followlng results: (1) Nitrosonium perchlorate decomposes with no 
noticeable induction period, giving only the  gaseous products, N02, C102,  Clg and 
02; n'tronium perchlorate i s  reported as  a major product of t h i s  decomposition a t  
99"Cd but only trace quant i t ies  were observed i n  our study. (2) The decomposition 

* 
l y  lor tiic dccorJposition of T?0c104 under similar conditions. 

A value of 7.6 m o l e s  of NO;! per gram of weight loss  was observed experimental- 

( 2 )  Rosolovshii, V. Ya ,  and Rumyantsev, E. S., RUSS. J. of Inorg.Chem., English 
~ r a n s l .  8, 689 (1963). 
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of IIoC104 proceeds a t  a f a s t e r  rzte t h m  t h a t  l o r  N02C104, at l e a s t  a f t e r  the  
accelerntory period of t h e  l a t t e r  cornpound. 
conclusions of Rosolovskii (2) 

This observation i s  consistent I.rith 

Several i n t e r e s t i n g  f a c t s  concerning the  sublimed so l ids  should be 
noted: (1) Sublirmtion occurred inmediately upon heating t h e  sample to 65"c; 
(2) 'The sublined so l ids  m d y z e d  t o  be N02C104 both by x-ray and elemental 
andyses ;  ( 3 )  h a l y s e s  d id  not detect  t h e  presence of N E 1 0 4 ;  ( 4 )  The r a t e  of 
s;lblimation appmred t o  be  compzrztively constant over the  decomposition period; 
sLb1imation u s u d l y  occurred a t  about 112 t o  113 t h e r a t e  of decomposition. 
These f e c t s  axe s igni f icant  i n  t h a t  they ind ica te  t h e  sublimation t o  be en t i re ly  
independent of t h e  decomposition. 

The Decomposition Mechanism 

The vacdurl decomposition of ItJO&lO4 a t  65"c proceeds by a nechanism 
(1) A decreasing r a t i o  of oxygen evolution per vhich must take i n t o  account: 

vei&t-loss of sample; (2) An increasing r a t i o  of NO2 production per weight-loss 
of sample; ( 4 )  The production of NCC104 as a product and i t s  subsequent decompo- 
s i t i o n ,  and (4) The decomposition of NoC104 as the  predoninant react ion i n  the  
lat ter stages.  
mechanism: 

The observations a r e  bes t  explained by the  following two-step 

(a)  p:02c104 - N O C ~ O ~  + 112 o2 

(b) N O C l O 4  ----- NO2 + '2102 ( C l 2 - +  02) -+ 1/2  02 

Assuming t h e  mechanism as described, t h e  r a t i o s  of 02 and NO2 per gram 
of weight-loss expected f r o m  equations ( a )  and (b) i n  various r a t i o s  can be cal-  
culated.  These a r e  tabulated i n  Table 111. 

TABLE I11 

CI\LCULAT.ED QUNKCITIXS OF O2 AND NO2 PRODUCED PER W I G H T  LOSS OF NO&104 

m o l e  produced/g . w t  . -loss 
Rat io  Equations 4, Assuming all 02, Assuming all 

C 1  as Clp C1 as Clop a:b 9 2  

1o:o 
1O:l 
10: 2 
10:3 
10: 4 
10:6 
10:8 
10 : 10 
8:lO 
6:10 
4:lO 
2 : l O  
0:lO 

none 
3-5 
4.8 
5.5 
5.8 
6.4 
6.7 
6.9 
7.0 
7.2 
7.4 
7.5 
7.7 

31.2 
19.0 
14.4 
11.8 
10:3 

8.5 
7.5 
6.9 
6.3 
5.8 
5-2 
4.5 
3.9 

31.2 
22.5 
19.1 
17-3 
16.2 
14.9 
14.2 
13.8 
13.4 
12.9 
12.5 
12.1 
11.6 

The NO2 and O2 values thus  lie betveen t h e  extremes of 
i n i t i a l  stage vhich descr ibes  t h e  production of NWlO4; and 7.7 and 3.9 t o  11.6 
f o r  t h e  latter stage which describes the  decomposition of NOC104. 

and 31.2 f o r  the 
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The experimental values fo r  these same r a t i o s  f o r  the  two experiments 
previously c i t ed  a re  shown i n  Table IV. 

TABLE IV 

EXPERIbENTAL 02 AM) NO2 WEIGHT-LOSS RATIOS 

Total Time (hrs.) m o l e s  02/g w t .  loss m o l e s  NOg/g wt. loss 

Run No. 1 

73 
92 

112 
132 
154 
174 

Run No. 2 

198 
298 
397 
492 

15.5 
14.3 
13.3 
12.6 
11.1 

9.8 

11.7 

5.6 
5.5 
5.8 
6.4 
6.6 
6.8 

The general t rends fo r  t he  m o l e s  of O2 and NO2 produced per weight-loss 
are observed t o  follow those expected f o r  the  proposed mechanism. 
(a) predominates i n  the  ea r ly  stages is  supported by the  i n i t i a l l y  high experi- 
mental values obtained f o r  t he  r a t i o  of 02 evolution per weight-loss of sample. A 
theore t ica l  value of 31.3 would be expected i f  only (a) occurred, s ince oxygen i s  
the  only vola t i le .  
rapidly a t  65"c without any induction period by equation (b) which would immediate- 
l y  become operative. Any contribution by (b) would lower t h e  oxygen t o  weight-loss 
r a t io ,  s ince at its highest possible rate of oxygen production, (giving NO2, C 1 2  
and 02 as decomposition products), a theore t ica l  11.6 value f o r  the  r a t i o  of moles 
of oxygen t o  weight-loss would be observed. 
after 73 hours i s  therefore  a '"net"' f igure  f o r  react ions (a) and (b)  during t h i s  
i n i t i d l  in te rva l ,  and represents a subs tan t ia l  contribution from reac t ion  (a). 

That react ion 

This would be t rue  only momentarily, since N O C 1 0 4  decomposes 

The i n i t i a l  value of 15.5 observed 

A quant i ta t ive correlat ion of equations (a )  and (b) with the  oxygen 
r a t i o  is not possible because of the  uncertainty i n  the  quant i ty  of C 1 0 2  decom- 
posed t o  C i 2  and 02. On the  other  hand, the  r a t i o  of NO2 produced per weight-loss 
can be d i r e c t l y  correlated. 
ca tes  tha t ,  during the  first 73 hours, the  r a t i o  of equation a:b averaged l O : 3 ,  or 
s ta ted  otherwise, approximately 3O$ of the  l'JOC104 t h a t  w a s  produced during t h i s  
period by equation (a) subsequently decomposed. 

The i n i t i a l  r a t i o  of 5.6 f o r  NO2, f o r  example, indi- 

A t  t h e  f i n i s h  of Run No. 1, during the  in t e rva l  of 154 t o  174 hours, 
react ions (a) and (b) were operating a t  an approximate l0:g ra t io .  
decomposed a t  nearly the  same r a t e  as i t s  production from NO,&lO4. 

Thus, NOClO4 

The 7.6 value f o r  the  NO2 r a t i o ,  obtained over the  period of 397 t o  492 
hours of Run No. 2 ind ica tes  t h a t  the decomposition of N E 1 0 4  (equation b) was 
occurring ten  times f a s t e r  than it was being produced from equation (a), thus 
rapidly diminishing the  excess produced during the  accelerated period of the  
NO&104 decomposition. 

t i o n  obtdned  i n  the  l a t t e r  stages of t he  decomposition of N02C104 are almost 
The 7.6 value f o r  rio2 production and the  6.5 value f o r  t h e  oxygen evolu- 
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i den t i ca l  t o  similar values obtained f ron  the decomposition of NOC104 under similar 
conditions. The respec t ive  values fo r  Noc1o4 were 7.6 and 6.9 m o l e s  per gram of 
weight-loss, indicating t h e  predominance of t h i s  reaction i n  the  l a t t e r  stages of 
t he  X02C104  decomposition. 

As a fur ther  check on t h i s  mechanism, the decomposition of N O S 1 0 ,  was 
nonitored, using a Raman c e l l  as a decomposition reactor. The changes i n  the  
R a m  spectrum were measured periodically and compared id-th the  production of 
oxygen throughout t h e  course of the  decomposition a t  65"c. 
X 0 2 +  absorption by NO$1O4 coincides vrith the appearance and increase i n  the NO+ 
cibsorption f o r  N O C l O 4  (Figure 3)  

t i v e  perchlorate absorptions c lose ly  pa ra l l e l  t h e  cation absorption curves. 
oxygen curves are s imi la r  t o  those previously observed (Figure 4). 
peak rate o f  oxygen evolution occurred a t  approximately 100 hours. 

The rapid drop i n  the  

as would be expected from the  proposed mechanism. 
Only the  NO=+ (1400 cm-1) and NO 4 (2300 cm-1) curves were p lo t ted  since the  respec- 

The 
A s  before, the  

It i s  s ign i f i can t  t o  note t h a t  the Raman  data a l s o  indicates a break a t  
about 100 hours i n  the  absorption curves for  NOg', which w a s  decreasing, and NO+, 
which was increasing. Since a Reman spectrum of so l ids  i s  predominantly a surface 
phenomenon, t h i s  agreement suggests an i n i t i a l l y  rapid surface reaction converting 
the  surface IiO&104 t o  NOC104 which then controls continued decomposition. 

A mechanism for t he  decomposition of N02C1O4 i n  t h e  presence of i t s  de- 
composition products would have the  dinitrogen tetroxide-catalyzed conversion of 
N0$1O4 t o  IlrCClO4 i n  addition t o  t h e  reactions (a)  and (b). 

N 0 2 C 1 0 4  + IJ204 ----IC IfOC10* + NZOS 

N&s N204 + 1/2 02 

When a c r i t i c a l  concentration of NO, has been reached from t he  decomposition of 
nitrosonium >er:hl>rste, this ca t a ly t i c  conversion rap id ly  becmes the  predoaiaat- 
in@; reac t ion  i n  t h e  mecnmism. Previous vork at Callery had shown t h i s  reaction 
t o  be quantitative i n  the  presence of l i qu id  N 2 0 4 . ( 3 )  I n  the  course of t h i s  in- 
vestigation, gaseous N2O4 at ambient tenperature, i n  l e s s  than equimolar quanti- 
t ies,  was a l s o  demon t a t e d  t o  e f f ec t  the  quant i ta t ive  conversion presumably by 
the  above mechanism. bj 

Discussion of The& S t a b i l i t y  

The foregoing discussion does not explain the  reasons f o r  t he  in s t ab i l i t y  
of ?J02C104, but with t h i s  information a reasonable picture as t o  the  decomposition 
process can be presented. 

Borroving from t h e  c l a s s i c a l  concept of s o l i d  decompositions, decomposi- 
t i o n  probably i n i t i a t e s  a t  defec t  sites on t h e  c r y s t a l  surface where circumstances 
o f f e r  a lowered energy of activation. (4) It appears most probable t h a t  the decom- 
posit ion i n i t i a t e s  with NOC104 formation. "herefore, ion in te rac t ions  a re  in-  
volved. 

It can be stated t h a t  t he  i n s t a b i l i t y  of NO$lO4 i s  not inherent i n  the 
nitroniurii ion. More s t a b l e  nitronium species are known; NO$F4 i s  reportedly 

( 3 )  
(4) 

'2. D. McElroy and M. D. Marshall; t o  be published. 
Garner, "Chemistry of the  Solid S ta te"  Butterworth Sc ien t i f ic  Publications, 
London, (19551, Ch. 7. 
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s t ab le  a t  170°C(5), and (NO2)&(C1O4)6 and N02Zn(C104)3 are quant i ta t ive ly  pre- 
pared at i25'C(6), a temperzture at which N02C104 rapidly decomposes. 
well a w r e  of s tab le  perchlorate salts. 
i s  pecul iar  t o  the N02+ and C104' ion combination. 

We are  a l s o  
Obviously, then t h e  i n s t a b i l i t y  of N02C104 

The following mechanism i s  suggested as  occurring a i  the  c rys t a l  surface. 

Nitronium perchlorate, as an ion-complex may e x i s t  as a t r ans i to ry  intermediate 
which may either rever t  t o  ions, sublime or decompose. A s'milar mechanism has 
been proposed f o r  t he  decomposition of ammonium perchloratet7). 

Evidence for  in te rac t ion  betveen the  N02+ and C104' ions has been ob- 
served i n  the  N0.&104 c rys t a l  l a t t i c e .  

78j"""f;; 
and from the te t rahedra l  angle f o r  the  C1-0 bonds of the  (!lo4- have bee 
preted by Truter et al., as due t o  in te rac t ion  between cat ion and anion 
addition, both Raman and infrared spectra  of nitronium perchlorate obtained here 
a t  Cal lery o* e shown the s p l i t t i n g  of t he  perchlorate C1-0 bands which, according 
t o  Iiathawa$;y, i s  charac te r i s t ic  of bidentate  coordination f o r  t he  perchlorate 
group. 
I>IO2ClO4 a d  decomposition may therefore  be f a c i l i t a t e d  by t h i s  interact ion.  

Distor t ions from l i n e a r i t y  i n  the  NO,' ion, 

Thus, something less than a t r u l y  ion ic  c rys t a l  l a t t i c e  i s  present i n  

In  complex perchlorates [e.&. (N02)&(C104)~, (N02)Zn(C104)3] , the C 1 0 4 -  
ion i s  coordinated by the  aluminum or zinc ions and therefore  has l i t t l e  tendency 
t o  in t e rac t  with the  N02+ ion. 
l i t t l e  d i s to r t ing  influence. 
NO2+ i s  minimized and an increased t h e m  s t a b i l i t y  r e su l t s .  

I n  NO2BF4, the  BF4- ion presumably exerts  very 
Thus, i n  these compounds, t he  ionic  d i s to r t ion  of t he  

( j )  
(6) 

Kuhn a d  Olah, JACS a 4565-73. (1961)- 
McELroy, A. D., Guibert, C. R., Bellissirno, J. S., and Hashman, J. S., 2. 
Inor- Chem t o  be published; presented Gordon Research Conference, August, 

Galwey, A. K. and Jacobs, P. W. M., F'roc. of Royd Chem. SOC., Series A, a, 
Truter, M. R., Cruikshank, D. V. J., and Jeffrey,r% A., Acta C r y s t .  y 855 

Hathaway, B. M., and Underhill, A. E., J. Chem. SOC., 3091 (1961). 

leL' 
(7) 

(8) 

(9)  

. 455 (1960). 

(1960) 
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ADVANCED BINDERS FOR SOLID PROPELLANTS - A REVLEW 

by Murray  S. Cohen 

Thiokol Chemica l  Corporat ion,  Reaction Motors  Division, 
Denville, New J e r s e y  

rockets  i n  the 13th Century. 
position of solid propellants remained  essent ia l ly  constant, that  i s ,  a mixture  of loose 
powder containing sulfur ,  n i t ra te  sa l t s  and carbon (charcoal) .  
type could never  be developed for  a major  ro le  in propulsion because by i t s  very nature 
i t  could not give reliable bal l is t ic  proper t ies  nor could i t  be used in  l a rge  d iameter  (high 

F r o m  that period up until relatively recent  t imes  the corn- / 

r 

; > 
A composition of this 

powder w a s  adapted t o  propelling rockets. 
used with many of the previously mentioned limitations. 
d e r s  into homogeneous f o r m s  o r  gra ins  was  a major  development in  double base tech- 
nology. The colloidal solution of the polymer,  nitrocellulose, - in the plast ic izer ,  nitro- 

Here  again loose powder mixtures  were  f i r s t  
Consolidation of the loose pow- 

I) 

_- A major  advance i n  propel lant  technology occurred  when i t  was discovered that met-  
a l l ic  fuels could be incorporated into the binder-oxidizer mixture  to  give higher energy 
as wel l  as higher density propel lants  without affecting the mechanical propert ies  of the 
sys t em (i. e. without lowering the  allowable binder level) .  
be understood if i t  i s  rea l ized  tha t  a hydrocarbon-oxidizer system i s  balanced to give 
ca rbon  monoxide, carbon dioxide and s t eam as  combustion products. 

This paradoxical situation Can , 

The metal l ic  
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additive is  oxidized by the s t eam and therefore does not r equ i r e  additional oxidant. 
the case  where aluminum i s  added to a hydrocarbon-ammonium perchlorate  sys tem,  
the combustion proceeds in the following manner:  

In 

NH4C104 t (CH,), t 2A1 > 1/2 N, t CO t 5/2 H, t A1203 t HC1 

The formation of hydrogen gas  a s  a combustion product i s  very  desirable  because pe r -  
formance of a sys t em i s  proportional to the factor 

where AH i s  the heat  r e l eased  in combustion and =is the mean molecular weight of the 
combustion products. F igure  2 i l lustrates  the performance improvement  found in  these 
metall ized sys tems and shows, a s  well ,  the fact  that  the binder level f o r  optimum pe r -  
formance s tays  the s a m e  as it would be in  a meta l - f ree  sys tem.  The example shown is 
for a typical hydrocarbon-aluminum-ammonium perchlorate sys tem.  

With the foregoing background it is  now possible to proceed with a discussion of the 
directions that r e s e a r c h  has  taken in the development of new and improved binder systems. 
Two major efforts can  be categorized in  this review. The f i r s t  was motivated by attempts 
to improve the physical propert ies  of propellants while maintaining their  energetics.  The 
second effor t  i s  a straightforward attempt to inc rease  energet ics  while maintaining accept- 
able mechanical properties.  

F o r  a t rea tment  of binder developments leading to the improvement  of physical p ro-  
per t ies  one mus t  recognize that a l l  hydrocarbon binders a r e  equal in  energetics. 
theless the binding capability of a hydrocarbon polymer w i l l  vary  with smal l  changes in  
i ts  geometrical  s t ructure .  
ear ly  in  the development of solid propellants t o  aid in  the selection of the best- polymeric 
s t ruc tu res ,  the actual developments followed a typical evolutionary route. 

Never- 

Although there  w a s  enough scientific information available 

The e a r l i e s t  c a s t ,  composite binder to be used was  molten asphalt. This ma te r i a l  
was heated until i t  fo rmed a fluid melt ,  was  mixed with oxidant and the heated mixture 
cas t  into a motor cavity and allowed to cool. 
limited tempera ture  range,  the low solids content which could be formulated,  and the 
poor mechanical propert ies  of highly loaded asphalt. A chemically cured  sys tem was  
then introduced when acrylate  monomers  were  mixed with oxidizer and curative. The 
mixture could be c a s t ,  heated to cu re  tempera ture  and the acrylate  polymerized t o  give a 
well consolidated grain.  The basic deficiencies encountered i n  this type of sys tem were  
the exotherm, a t  t imes  uncontrollable, during cu re  and the shrinkage of the solid due to 
the fact  that the polymer had an appreciably higher density than the monomer. F u r t h e r -  
more ,  the acrylates  used w e r e  not particularly rubbery so  that their  mechanical p rope r -  
t i es  were  only suitable for sma l l  grains.  
such a s  divinyl benzene, to  the acrylate  acted a s  a cross-linking agent i n  this sys tem.  

The next advance i n  solid propellant binders came f rom the u s e  of partially poly- 

This sys t em was  a poor one because of the 

The addition of a polyfunctional unsaturate,  

mer ized  liquids which retained functionality fo r  subsequent curing. 
such a sys tem i s  the controlled molecular weight polymers obtained f r o m  butadiene and 
acryl ic  acid. 
to 3000 molecular weight. 
to allow formulation with 80 to 85 percent by weight of solids and s t i l l  give a castable 
mix. 

The best example of 

This sys t em is s t i l l  a liquid of 200 to  300 poise viscosity a t  25OC at 2000 
It is sufficiently fluid at  processing tempera tures  (50 to  60°C) 

Cura t ives  of the epoxy or imine type a r e  added to  the mix and the sys tem is 
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Various attempts have been made to  reduce the  solids loading of binders by incor- 
porating oxygen into the polymeric  s t ruc ture .  
t i a l  of the binder oxygen, groups such as the n i t ra to  and n i t ro  w e r e  first used. 
the e a r l i e s t  solid propellant binder was cellulose n i t ra te  plasticized with the nitrate 
e s t e r  nitroglycerin. 

In order  to  maintain the oxidizing poten- 
Actually 

This  s y s t e m  however,  was  not cas tab le  in  the conventional s ense  in 
' 

allowed to  c u r e  over a per iod of 3 to 2 4  hours  to a res i l ien t  solid. 
r ep resen ted  i n  the following manner:  

The sys t em can be 

0 
COOH $0 

nn/Ln*vI .dy w t  curative - >nNy-w-J?- 
60 
b GO COOH 

I 
COOH 

0 

F r o m  a theoretical  point of view the mechanical proper t ies  of a polymeric sys t em 
c a n  be optimized if the c ros s - l inks  a r e  introduced in a regular manner and not in a ran-  
dom fashion as shown in  the previous equation. It w a s  therefore  considered a desirable 
development when controlled molecular weight sys t ems  were  made available which had 
the i r  functional groups only at the ends of chains. These systems were cured with t r i  
and polyfunctional cur ing  agents  of the t r i s imine  type. 
the curing reaction of a carboxy termlnated hydrocarbon polymer. 

The following equation i l lus t ra tes  

that unwarranted extenslve development work would be required.  
ester system:; were studied such as tha t  derived f r o m  glycidyl n i t ra te  and pe t r in  acrylate.' 

Other nitrate 

6 

These  n i t ra te  systems w e r e  found to suffer f r o m  ths s a m e  ihsrrndl instability charac te r -  
is tics enco..mtered in  the double base  sys t ems  s o  that incorporation of oxygen a s  the more  ] 
s tab le  n i t ro  groups appea red  attractive.  Both addition and condensation n i t ro  polymers 
w e r e  p repa red  a s  i l lus t ra ted  i n  the following equations: 1 

CH,=CH . >  f.Hz-YH+x 

C03CHz( NOz) 3 
I 

COOCHzC( NO,), 

i 
NO2 / 

I 
I I 
NO2 NO2 

HOCHzCCH20H t OCNCHzCHzNCHzCH2NC0 > 

r 

i 
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Another energet ic  oxygen r i ch  binder was  pregar-ed which incorpora tes  the pe r -  
chlorate  'group a s  an amine salt .  

Recently, the discovery of organic compounds which possess  the difluoramino group 
(RNF,) has  prompted study of po lymers  which have high concentrations of NF,. 

y ; C H  ?; 
In addition, fluorocarbon polymers ,  which can be considered as low energy oxi- 

dizing binders  have been investigated because they are compatible with react ive oxi- 
dants  and a r e  of high density. 
and fluoropolyesters. 

Examples  of such sys tems a r e  the fluoroalkyl acry la tes  

CHz=CH > k H z - y H f x ,  

COOCHz 
I 
COOCHZ 

I I 

HOCHz(CF,) ,~ ,OH t HOOC(CF,),COOH > 

HO CH2( CFz)3CHzOOC(CF2),C00 CH2(CFz),CHzOH c I 
Para l le l ing  the oxidizer binder developments has  been work  on energet ic  fuel 

binders. 
t ies  but a l so  for  its t ru ly  energet ic  contributions to the solid propellant. 
of such a n  approach was  work ca r r i ed  out to  
acetylenic group into the polymer s t ruc ture .  
upon the readi ly  available acetylenic monomer butynediol and its react ion with formal -  
dehyde. 

In this way the binder can  be looked upon not only for  its mechanical proper -  
One example 

incorporate  the high hea t  of formation 
A castable  sys t em was  prepared  based 

HOCH,CCCHzOH t CHzO - >  HO 

A l s o ,  polymers  were  prepared  by the oxidative coupling of dipropargyl  e ther  
t 

HCZCCHZOCHZCFCH t 0 2  cu > ~C~CCH,OCH,C~C+~+H,O 
and the vinyl polymerization of isopropenylacetylene. 
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A successful effort  w a s  made in incorporating boron hydrides into polymer sys -  
The early s tudies  made  u s e  of decaborane and its s imple alkyl derivatives.  tems.  

The difunctionality of decaborane towards Lewis bases  allowed the formation of coor - 
dination polymers of the following type: 

These polymers  tended to be  res inous  and w e r e  also still s t rong  reducing agents. 
Therefore  they could not be  safely formulated with oxidants. 
took place when the dicarbaclovododecaborane (carboranes)  compounds were  discover- 
ed because these  m a t e r i a l s  w e r e  extremely stable and w e r e  organophilic in  charac te r .  
The bas ic  reaction for ca rborane  formation is desc r ibed  in  the following equation. I A major  development 

Lewis  
Base  .BI0H,, t R,C='CR2 

A wide range of monomers  and polymcrs  w e r e  synthesized; of these  the polyester 
system, shown in the following equations, was  mos t  intensively developed. - - 4 

> HO CH2C L HOCHzC - CCH20H t HOOC( CH2)qCOOH - 
\ 0 1  
BI&H,4 

4 A 

I The po lymers  w e r e  chain extended and cross- l inked  with isocyanates I 

,1 

By adjusting the r a t io s  of monomers  it w a s  possibie to p r e p a r e  OH, COOH and mixed 
t e rmina l  groups. 
to give res i l ien t  rubbery p roduc r s .  

Other carborane s y s t e m s  which w e r e  studied included the copolymer of isopropenyl ' 
ca rborane  with butadiene and a carboranyl  acry la te ,  both of which a r e  shown in  the fol- 
lowing equations. 

CH3 
I 
I 

C-CH 

CH2=C t CH,=CH-CH=CH, 

\O/ 
BIOHIO 

CHz=CH I . >  {CH-i% 

COOCH2C-CH COOCH2C-CH 

\o/ 
BloHIO 

It can be seen f r o m  a review of the pertinent synthetic chemis t ry  used fo r  binder 
r e s e a r c h  that significant scientific contributions fell out of this work. Most of the 
advanced systems developed, however,  have found v e r y  l imited application to  solid 
propulsion due to such f a c t o r s  as the rma l  and shock sensitivity, lower energy than 
originally calculated, high cos t  and l ack  of availability of chemicals ,  the physical 
p roper t ies  of the polymers  prepared.  /' 
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S y n t h e s i s  and Thermochemistry of Tricyanomethyl  and O t h e r  
Polycyano Compounds 

by 

Mi l ton  B .  F r a n k e l ,  Adolph B .  A m s t e r ,  Edgar R .  Wi l son ,  
Mary McCormick, D .  Marvin McEachern, Jr .  

S t a n f o r d  Resea rch  I n s t i t u t e ,  Menlo P a r k ,  C a l i f o r n i a  

ABSTRACT 

A series of t r i cyanomethy l  compounds w e r e  p r e p a r e d  i n  r e f l u x i n g  
a c e t o n i t r i l e  by  t h e  a l k y l a t i o n  of po ta s s ium t r i cyanomethan ide  w i t h  a l k y l  
i o d i d e s ,  a l l y l ,  p ropa rgy l  , and benzy l  bromides.  
o b t a i n e d  for mono and d i f u n c t i o n a l  h a l i d e s  w i t h  a r e f l u x  t i m e  of  72 hours  

Y i e l d s  of 20-57$ were 

The h e a t s  of combust ion of t h e s e  t r i cyanomethy l  compounds as  w e l l  a s  
of two polycyano compounds were measured u s i n g  a Dickenson t y p e  c a l o r i m e t e r  
and h e a t s  of f o r m a t i o n  were c a l c u l a t e d  w i t h  a p r e c i s i o n  of approx ima te ly  
t l . O $ .  
t r i cyanomethy l  moiety i s  c a l c u l a t e d  t o  be  abou t  810 kcal /mole.  A l s o  t h e  
t r i cyanomethy l  group i s  less s t a b l e  t h a n  expec ted  from comparison w i t h  
AHo of p ropy lcyan ide .  

From P i t z e r ' s  v a l u e s  f o r  C-C and C-H bond e n e r g i e s ,  t h a t  of t h e  

f 

A s  a r e s u l t  of t h e  s y n t h e s i s  of t e t r a c y a n o e t h y l e n e , '  a l a r g e  class 
of o r g a n i c  molecu le s  h e a v i l y  s u b s t i t u t e d  w i t h  cyano  groups has  become 
a v a i l a b l e .  Many of t h e s e  have i n t e r e s t i n g  p h y s i c a l  and chemical  proper-  
t i e s .  The o n l y  known t r i cyanomethy l  compounds a r e  t h e  s a l t s  of t r i c y a n o -  
methane,'-' bromotr icyanomethane,9 l , l , l - t r i c y a n o e t h a n e , 3  2 , 2 , 2 - t r i c y a n o -  
e t h y l b e n z e n e , 3  and hexacyanoethane." Tricyanomethane,  i t s e l f ,  is a n  
u n s t a b l e  compound and h a s  n o t  been  i s o l a t e d  i n  t h e  f r e e  s t a t e ,  a l t hough  
a q u o e t h e r e a l  s o l u t i o n s  of t r i cyanomethane  have been used  for s y n t h e t i c  
r e a c t i o n s . 7  T h i s  pape r  d e s c r i b e s  t h e  s y n t h e s i s  and thermochemistry of 
a new series of t r i cyanomethy l  compounds. 

I SYNTHESIS 

A .  D i scuss ion  

Hantzsch and Oswald3 p r e p a r e d  l , l , l - t r i c y a n o e t h a n e  and 2 , 2 , 2 - t r i -  
cyanoethylbenzene i n  ve ry  l o w  y i e l d s  f rom a he t e rogeneous  m i x t u r e  of s i l v e r  
t r i cyanomethan ide  w i t h  methyl and benzyl  i o d i d e s ,  r e s p e c t i v e l y .  I t  was 
a p p a r e n t  t h a t  t h e  s i l v e r  s a l t  of  t r i cyanomethane  was u n s u i t a b l e  for a l k y l a -  
t i o n  r e a c t i o n s  because  of i t s  v i r t u a l  i n s o l u b i l i t y  i n  o r g a n i c  s o l v e n t s .  A 
s e a r c h  was made t o  f i n d  a s a l t  of t r i cyanomethane  which was p a r t i a l l y  
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s o l u b l e  i n  o r g a n i c  s o l v e n t s .  S i n c e  a r eady  p repa ra t  i o n  of potassium tr i-  
cyanomethanide was now a v a i l a b l e , '  a t t e n t i o n  was t u r n e d  t o  s t u d y i n g  t h e  
s o l u b i l i t y  c h a r a c t e r i s t i c s  of t h i s  s a l t .  I t  was found t h a t  potassium t r i -  
cyanomethanide was s o l u b l e  t o  t h e  e x t e n t  of 19% i n  r e f l u x i n g  a c e t o n i t r i l e  
and t h a t  t he  s a l t  c o u l d  be  a l k y l a t e d  i n  t h i s  medium w i t h  a l k y l  i o d i d e s ,  
a l l y l ,  p r o p a r g y l ,  and  b e n z y l  b romides .  Optimum y i e l d s  of 20-57% were ob- 
t a i n e d  f o r  mono and d i f u n c t i o n a l  h a l i d e s  w i t h  a r e f l u x  time of 72 h o u r s .  
The importance of t h e  r e a c t i v i t y  o f  t h e  o r g a n i c  h a l i d e  was demonstrated by 
t h e  f a c t  t h a t  1,4-dibromobutyne-Z was conve r t ed  t o  1 , 1 , 1 , 6 , 6 , 6 - h e x a c y a n o -  
bu tyne -3  i n  43% y i e l d  w h i l e  di iodomethane gave o n l y  a 2% y i e l d  of t h e  mono- 
a l l r y l a t e d  p r o d u c t ,  l,l., 1 - t r i c y a n o e t h y l  i o d i d e ,  and none of t h e  d i a l k y l a t e d  
p r o d u c t .  

A s  an a l t e r n a t i v e  method of i n t r o d u c i n g  t h e  t r i cyanomethy l  group i n t o  
o r g a n i c  compounds, t h e  Michael  r e a c t i o n  of  cyanoform and cu,B-unsaturated 
compounds was s t u d i e d .  Cyanoform was g e n e r a t e d  i n  s i t u  by t h e  a d d i t i o n  of 
a s t o i c h i o m e t r i c  amount of 100% s u l f u r i c  a c i d  t o  a n  a c e t o n i t r i l e  s o l u t i o n  
of potassium t r i c y a n o m e t h a n i d e  and t h e  cy,p-unsaturated compound. Under 
t h e s e  c o n d i t i o n s ,  a d d i t i o n  of cyanoform t o  a c r y l o n i t r i l e ,  a c r y l i c  a c i d ,  
me thy l  a c r y l a t e ,  a c r y l a m i d e ,  and a c r o l e i n  d i d  n o t  o c c u r ,  f o r  on ly  t h e  r e d  
polymer of cyanoform w a s  i s o l a t e d .  However, methyl  v i n y l  ke tone  d i d  r e a c t  
i n  t h e  expected manner t o  g i v e  l,l,l-tricyano-4-pentanone. 

The t r i c y a n o m e t h y l  compounds a r e  a s t a b l e  c l a s s  of o r g a n i c  compounds. 
The s o l i d  p r o d u c t s  can be p u r i f i e d  by s u b l i m a t i o n .  T h e i r  e x c e p t i o n a l  
t he rma l  s t a b i l i t y  i s  ev idenced  by t h e  f a c t  t h a t  1 ,1 ,1 ,6 ,6 ,6 -hexacyano-  
butyne-3 w a s  subl imed a t  170°/0.05 nun. 
pounds show a weak a b s o r p t i o n  f o r  cyano a t  4 . 4 p .  The p r o p e r t i e s  of t h e  
compounds a r e  summarized i n  T a b l e  I .  

The i n f r a r e d  s p e c t r a  of t h e s e  com- 

I n  a d d i t i o n  t o  t h e  above t r i cyanomethy l  compounds, 1 , 4 - d i ~ y a n o b u t y n e - 2 ~ '  
and 1,1,2,2-tetracyanocyclopropane12 were a l s o  p repa red  f o r  t h e  thermochemi- 
c a l  s t u d i e s .  

B .  Experimental  

A l l  a n a l y s e s  were made by S t a n f o r d  U n i v e r s i t y ,  S t a n f o r d ,  C a l i f o r n i a .  
M e l t i n g  p o i n t s  a r e  u n c o r r e c t e d .  

A l k y l a t i o n  of Organ ic  H a l i d e s  w i t h  Po ta s s ium Tricyanomethanide 

The p r e p a r a t i o n  of l , l , l - t r i c y a n o b u t e n e - 3  is  g iven  a s  a t y p i c a l  example 
of t h e  expe r imen ta l  p r o c e d u r e s  t h a t  were used i n  t h e  r e a c t i o n  of o r g a n i c  
h a l i d e s  with po ta s s ium t r i cyanomethan ide .  

A mix tu re  of 29.0 g (0 .225  m o l e )  of  po ta s s ium t r i cyanomethan ide ,8  
26.6 g (0.32 mole) of a l l y l  bromide,  and 500 m l  of a c e t o n i t r i l e  was re- 
f l u x e d  w i t h  s t i r r i n g  f o r  72 h o u r s .  The m i x t u r e  was coo led  and f i l t e r e d  
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t o  g i v e  21 .8  g (83.5$) of p r e c i p i t a t e d  po ta s s ium bromide.  The f i l t r a t e  
was c o n c e n t r a t e d  and d i l u t e d  w i t h  e t h e r  t o  p r e c i p i t a t e  t h e  r e s i d u a l  po- 
t a s s i u m  s a l t s .  A f t e r  f i l t e r i n g ,  t h e  f i l t r a t e  was c o n c e n t r a t e d  and d i s -  
t i l l e d  t o  g i v e  1 6 . 7  (57.8%) of c o l o r l e s s  l i q u i d ,  b . p .  95'/26 nun, nZ0D 
1 . 4 4 1 9 .  

lt1,1-Tricyano-4-pentanone 

To a s t i r r e d  s o l u t i o n  of 200 m l  of a c e t o n i t r i l e  c o n t a i n i n g  1 4 . 4  g 
(0.11 m o l e )  of po ta s s ium t r i c y a n o m e t h a n i d e  was added 7 . 7 4  g (0.11 mole) 
o f  methyl  v i n y l  k e t o n e .  Then 5 .84  g (0.055 mole) of s u l f u r i c  a c i d  was 
added dropwise a t  ambient  t e m p e r a t u r e .  The re  was a n  immediate p r e c i p i -  
t a t i o n  of potassium s u l f a t e .  The r e a c t i o n  mix tu re  was s t i r r e d  f o r  two 
hour s  and f i l t e r e d  t o  remove 8 .86  g (92.6%) of potassium s u l f a t e .  The 
f i l t r a t e  was c o n c e n t r a t e d  t o  g i v e  1 5 . 3  g of semi - so l id  p r o d u c t .  T h i s  
s l u r r y  was t r e a t e d  w i t h  i s o p r o p a n o l  t o  g i v e  1 1 . 4  g ( 6 4 . 5 s )  of wh i t e  
c r y s t a l s ,  m.p. 49-50'. R e c r y s t a l l i z a t i o n  from e t h a n o l  r a i s e d  t h e  m e l t i n g  
p o i n t  t o  50-51". 

1 , 4 - D i ~ y a n o b u t y n e - 2 ~ '  

A mix tu re  of 5 5 . 0  g (0.615 mole) of d r y  cuprous c y a n i d e ,  55 .0  g 

_.__I 

(0 .26  mole) of 1 ,4-dibromobutyne-2,  and 175 m l  of a c e t o n i t r i l e  was hea ted  
unde r  r e f l u x  w i t h  good mechanical  s t i r r i n g .  A f t e r  t w o  hour s  a c l e a r  brown 
s o l u t i o n  was a t t a i n e d .  The s o l u t i o n  was r e f l u x e d  for an  a d d i t i o n a l  1 . 5  
h o u r s ,  c o o l e d ,  and t r e a t e d  w i t h  500 m l  of e t h e r .  The p r e c i p i t a t e d  cuprous 
bromide was s e p a r a t e d  and t h e  f i l t r a t e  was t r e a t e d  f o u r  t i m e s  w i th  c h a r c o a l  
The l i g h t  y e l l o w  e t h e r  s o l u t i o n  was t h e n  c o n c e n t r a t e d  t o  g i v e  12.4 g of 
ye l low c r y s t a l s .  The p r o d u c t  was r e c r y s t a l l i z e d  from 36 m l  of benzene- 
hexane (80/20) t o  g i v e  3.6 g (13.3%) of colorless n e e d l e s ,  m.p.  91-92O. 

A n a l .  C a l c ' d .  f o r  C,H4N,: C ,  6 9 . 2 ;  H ,  3 . 9 ;  N ,  2 6 . 9 .  

Found:  C ,  6 8 . 9 6 ;  H ,  3.73; N ,  26 .68 .  

The i n f r a r e d  spec t rum showed a s t r o n g  a b s o r p t i o n  f o r  C N  a t  2280 cm- ' .  

I1  THERMOCHEMISTRY 

A .  Experimental  

A P a r r  Model 1221  oxygen bomb c a l o r i m e t e r  was modif ied f o r  i so the rma l  
o p e r a t i o n  and t o  e n s u r e  s o l u t i o n  of n i t r o g e n  ox ides .13  The s p a c e  between 
t h e  w a t e r  j a c k e t  and t h e  case was f i l l e d  w i t h  V e r m i c u l i t e  (exploded mica )  
t o  improve i n s u l a t i o n .  A f l e x i b l e  1000 w a t t  h e a t e r  (Cenco N o .  16565-3) was 
b e n t  i n  t h e  form of a c i r c l e  t o  f i t  j u s t  w i t h i n  t h e  j a c k e t  a b o u t  1 c m  above 
t h e  bo t tom.  Hea te r  e n d s  were s o l d e r e d  th rough  t h e  o r i f i c e s  l e f t  by removing 
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t h e  h o t  and c o l d  w a t e r  v a l v e s .  A coppe r -cons t an tan  thermocouple  and a p re -  
c i s i o n  p l a t inum r e s i s t a n c e  thermometer (Minco P r o d u c t s  Model S37-2) were 
c a l i b r a t e d  by comparison w i t h  a n  NBS-calibrated Leeds & Northrup Model 8164 
p la t inum r e s i s t a n c e  thermometer.  The thermometer was used to  s e n s e  t h e  t e m -  
p e r a t u r e  w i t h i n  t h e  c a l o r i m e t e r  bucke t ;  t h e  thermocouple  sensed  t h e  j a c k e t  
t e m p e r a t u r e .  A mercury-in-glass  t he rmo- regu la to r  ( P h i l a d e l p h i a  S c i e n t i f i c  
G l a s s  Model CE-712) was used t o  c o n t r o l  t h e  j a c k e t  t empera tu re .  

J a c k e t  t empera tu re  was c o n t r o l l e d  by c o n n e c t i n g  t h e  t h e r m o r e g u l a t o r  
and t h e  h e a t e r  t o  a n  American Ins t rumen t  Co .  Relay Model N o .  4-5300. Power 
t o  t h e  h e a t e r  was s u p p l i e d  by a 60 c y c l e  v a r i a b l e  t r a n s f o r m e r  normally 
o p e r a t e d  a t  abou t  10 v o l t s .  J a c k e t  t e m p e r a t u r e  was r eco rded  by f e e d i n g  
t h e  thermocouple  o u t p u t  t h rough  a Leeds & Northrup D . C .  a m p l i f i e r  (Ca t .  No. 
9835-B) t o  a Speedomax H Azar s t r i p  c h a r t  r e c o r d e r .  

C a l o r i m e t e r  t e m p e r a t u r e  w a s  measured w i t h  a Leeds & Nor th rup  G-1  Mue l l e r  
B r i d g e  used  i n  c o n j u n c t i o n  w i t h  a D . C .  Nul l  Detector (Ca t .  No. 9834)  or w i t h  
a moving coi l  galvanometer  ( C a t .  No. 2284-D) and lamp and s c a l e .  

Time was measured w i t h  a 6 0  c y c l e  synchronous motor c l o c k .  Sample 
we igh t  was de t e rmined  u s i n g  an  a n a l y t i c a l  b a l a n c e  and a se t  of C l a s s  S s t a i n -  
l e s s  s teel  w e i g h t s .  

B .  P rocedure  

Genera 1 

The samples  were burned i n  t h e  P a r r  bomb (360 m l  c a p a c i t y ) ,  c o n t a i n i n g ,  
i n i t i a l l y ,  3 m l  of  w a t e r  i n  t h e  cup o v e r  t h e  combust ion c r u c i b l e  and 99.99% 
p u r e  oxygen a t  450 p s i  and abou t  23'C. 
s e v e r a l  t imes  w i t h  oxygen t o  450 p s i .  The we igh t  of t h e  water for t h e  
c a l o r i m e t e r ,  2000 g ,  was measured t o  0.1 g on a h i g h - c a p a c i t y  b a l a n c e .  

Sample p e l l e t s  were weighed i n  t h e  combust ion c r u c i b l e  t o  0.05 mg 

The a i r  was f l u s h e d  o u t  by f i l l i n g  

a f t e r  o v e r n i g h t  s t o r a g e ,  i n  a d e s i c c a t o r ,  ove r  anhydrous calcium s u l f a t e .  
W e  do  n o t  know a n y  of the compounds t o  be  hydroscop ic .  
u s i n g  t h e  u s u a l  i r o n  w i r e  s u p p l i e d  by P a r r .  

The sample was i g n i t e d  

For a l l  samples  excep t  one t h e  j a c k e t  t e m p e r a t u r e ,  d u r i n g  a r u n ,  was 
ma in ta ined  c o n s t a n t  t o  f O . O l ° C  a t  a b o u t  29OC and t h e  c a l o r i m e t e r  t empera tu re  
a t  t h e  s t a r t  of a run  was g e n e r a l l y  of t h e  o r d e r  of 25OC. 
butene-3 was t r e a t e d  s p e c i a l l y  because  of i t s  m e l t i n g  p o i n t  4 0 ° C .  
b e l  ow ) 

l , l , l - t r i c y a n o -  
(See 

The t empera tu re  of t h e  c a l o r i m e t e r  was o b t a i n e d  by u s i n g  t h e  d e t e c t o r  
a s  a n u l l  i n s t rumen t  or t h e  galvanometer  i n  more, c o n v e n t i o n a l  f a s h i o n .  
t h e  f o r e  and a f t e r  p e r i o d s  r e s i s t a n c e  was measured each m i n u t e .  
h e a t i n g  p e r i o d  t h e  t i m e  was no ted  a t  which s e v e r a l  p rede te rmined  va lues  of 
r e s i s t a n c e  were a t t a i n e d .  R e s i s t a n c e  cou ld  be measured t o  w i t h i n  3 x 
ohms or about  0.0015°C. 

During 
During t h e  
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The n i t r i c  a c i d  produced i n  t h e  combustion was determined by t i t r a t i o n  
w i t h  s t a n d a r d i z e d  a l k a l i  u s i n g  a methyl o range  i n d i c a t o r .  The the rma l  c o r -  
r e c t i o n  was c a l c u l a t e d  on t h e  b a s i s  1 4 . 0  kca l jmole  evolved f o r  each mole of 
aqueous a c i d  formed.  A c o r r e c t i o n  was made f o r  t h e  ave rage  f i r i n g  ene rgy ,  
12 .2  c a l .  

:a 1 i b r a  t i o n  

The c a l o r i m e t e r  was c a l i b r a t e d  by b u r n i n g  s t a n d a r d i z e d  benzo ic  a c i d  
o b t a i n e d  from t h e  P a r r  I n s t r u m e n t  C o .  (AHc = 197.72 k c a l / m o l e ) .  Measure- 
ments were made under  c o n d i t i o n s  p a r a l l e l i n g  a s  c l o s e l y  a s  p o s s i b l e  t h o s e  
used d u r i n g  a r u n .  For r e a s o n s  e x p l a i n e d  below it  was a l s o  n e c e s s a r y  to  
de te rmine  t h e  h e a t  of combust ion of Nujol b rand  mine ra l  o i l .  For t h i s  
purpose t h e  c o n t e n t s  of two one-pint  b o t t l e s  of Nujol  were mixed tho rough ly  
and s t o r e d  i n  a o n e - l i t e r  b o t t l e .  Runs w e r e  made on a l i q u o t s  withdrawn 
from t h i s  new m i x t u r e .  T a b l e  I1 i n c l u d e s  t h e  r e s u l t s  o b t a i n e d  b o t h  f o r  t h e  
benzo ic  a c i d  and t h e  Nu jo l  and g i v e s  an  i n d i c a t i o n  of t h e  p r e c i s i o n  of t h e  
expe r imen t .  

Samule P reDara t  i o n  

Samples were p u r i f i e d  by r e c r y s t a l l i z a t i o n ;  w e  b e l i e v e  each s u b s t a n c e  
t o  b e  of b e t t e r  t h a n  99% p u r i t y .  

The l , l , l - t r i c y a n o b u t e n e - 3  formed a g l a s s y  s o l i d  below 29OC w i t h  a n  
unsha rp  t r a n s i t i o n .  I t  was run a s  a l i q u i d  w i t h  t h e  c a l o r i m e t e r  j a c k e t  
ma in ta ined  a t  a b o u t  35OC. 
h e a t e d  t o  above 3OoC and t h e  p e l l e t  w e t  w i t h  t h e  l i q u i d  by d ropwise  a d d i -  
t i o n .  The weight  o f  l i q u i d  added was de t e rmined  by d i f f e r e n c e .  The wet 
p e l l e t  was ma in ta ined  above 29OC u n t i l  i g n i t i o n .  Thus u n c e r t a i n t y  a s  t o  
t h e  p h y s i c a l  s t a t e  of t h e  l i q u i d  was a v o i d e d .  N o  a t t e m p t  was made t o  
correct r e s u l t s  f o r  t h e  h e a t  of w e t t i n g .  

A sma l l  weighed p e l l e t  of benzo ic  a c i d  was 

A l l  o t h e r  samples  were p repa red  by p r e s s i n g  s o l i d  p e l l e t s  which were 
then  w e t  w i t h  t h e  c a l i b r a t e d  Nu jo l .  

C .  R e s u l t s  

A l l  computat ions were made a c c o r d i n g  t o  t h e  method d e s c r i b e d  b y  Je s sup .14  
The u n i t  of energy used i s  t h e  d e f i n e d  c a l o r i e  = 4.183 i n t .  j o u l e s .  The u n i t  
of mass i s  t h e  gram t r u e  mass d e r i v e d  from the we igh t  i n  a i r  a g a i n s t  s t a i n -  
less s tee l  we igh t s  and buoyancy c o r r e c t i o n s  were made. Molecular  w e i g h t s  were 
c a l c u l a t e d  u s i n g  1959 v a l u e s  of t h e  Commission on Atomic Weights .  Heats  of 
f o r m a t i o n  were c a l c u l a t e d  from h e a t s  of combust ion.  The r e su l t s  of i n d i v i d u a l  
combust ions and c o r r e c t e d  v a l u e s  of t h e  h e a t s  of fo rma t ion  a r e  p r e s e n t e d  i n  
T a b l e  11. 

D .  D i s c u s s i o n  

I t  i s  now p o s s i b l e  t o  compare t h e  measured h e a t s  of f o r m a t i o n  w i t h  t h o s e  
p r e d i c t e d  on  t h e  b a s i s  of bond or group a d d i t i v i t y .  We u s e  t h e  same method 

i 

1 

! 

4 

r 



113 

e o  m m  0 0  ' 9 "  o,? ;? "u, m m  0 0  
m u ,  10 m o  m o  r n ~  0.9 c w  N O  l n m  m m  m m  - e  m m  0 3  7 -  

. . . . . . . . .  . .  . .  
e" - 3  " 3  3 3  $ 2  :: 

D 
0 

0 

0 

x u 0 

d 

n 
d 

Y 

0 c 

N 

3 

3 

0 

x 
n 
d 

" 
0 

x 

x 

4.4 

+ 
m 
m 
" 
" 
" 



114 

a s  t h a t  d i s c u s s e d  by Boyd.” 
z e r o :  

Assume A H  f o r  t h e  f o l l o w i n g  r e a c t i o n  i s  

m R-CN.+ C H + mR-H + C1 (CN),Hn 1 m+n 

R-CN i s  t aken  t o  be p r o p l y c y a n i d e  ( g a s )  f o r  which AHo = 7.45 kcal/mole.’6 
The h e a t s  of f o r m a t i o n  used f o r  t h e  compounds C H 
111. The h e a t s  of s u b l i m a t i o n  of a l l  t h e  s o l i d s  were e s t i m a t e d  t o  be  
20.0 kca l /mole ;  f o r  t h e  one l i q u i d  w e  used a n  e s t i m a t e d  va lue  f o r  t h e  h e a t  
of v a p o r i z a t i o n  of 5 .0  kcal /mole.  

f a r e  g iven  i n  Table  
1 m+n 

Tab le  I11 

Compound 

Ethane 

Propane 

E thy lene  

Cyclopropane 

But  yne -1 

Hex yne -3 

Hex yne -1 

Hexane 

Butyne-2 

Hexene-3 ( c i s )  

( t r a n s  ) 

Average 

Butene-1 

Octadiyne-3,5 

-20.236 

-24.826 

12.496 

12 .74  

39.70 

25.84 

29.55 

-39.96 

35.37 

-11.56 

-12.56 

12.06 

0 . 2 8  

93.8* 

Refe rence  

17 

18 

17 

20 

18 

19 

18 

18 

18 

18 

18 

18 

* C a l c u l a t e d  from AHo o c t a n e  = -49.82 kcal /mole (Ref .  1 7 )  

d H  hydrogena t ion  ( o c t a  - 1 , 7  d i y n e )  = 139.7 (Ref .  21,  p .  .53)  

and AH hydrogena t ion  (dodeca - 1 , 7  d i y n e )  minus 

A H  hydrogena t ion  3 , 9  isomer = -3.9 kca l jmole  (Ref .  21 ,  p .  5 4 )  

f 

The r e s u l t s  of  t h e  comparison a r e  shown i n  Tab le  IV where t h e  l a s t  
column, A ,  r e p r e s e n t s  t h e  e x c e s s  of t h e  measured h e a t  of formation‘over  
t h a t  c a l c u l a t e d .  A c c o r d i n g l y ,  t h e  p o s i t i v e  v a l u e s  a r e  ev idence  of t h e  
d e c r e a s e d  s t a b i l i t y  of  t h e  p o l y s u b ? + i t u t e d  cyanocarbons.  

i 

I 
I 
4 
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Table IV 

AHo (gas), (kcal/mole) 
Compound a u r e d  Calculated A -. - 

1,4-Dicyanobutyne-2 

Tetra cya noe thy1 ene 

1,1,2,2-Tetrac~yanocyclopropane 

l,l,l-Tricyanoethane 

l,l,l-Tricyanobutene-3 

l,l,l-Tricyanobutyne-3 

1,1,1,6,6,6-Hexacyanohexene-3 

1,1,1,6,6,6-Hexacyanohexyne-3 

1,1,1,8,8,8-Hexacyanooctadiyne 

107 .O 

171.4 

162.5 

104.4 

115.3 

165.1 

220.8 

261.7 

-3,5 312.0 

99.9 

141.6 

141.8 

76.6 

97.1 

136.5 

181.6 

2.19 .5 

287.4 

7.1 

29.8* 

20.7 

27.8 

18.2 

28.6 

39.2 

42.2 

24.6 

*See R.H. Boyd15 for comparison. 

It is also possible to calculate the bond energy of the tricyanomethyl 
moiety in each of the molecules. To do this we calculate standard heats of 
formation at O°K from the values given in Table I11 f o r  298OC. 
absence of reliable data we note the following reported23 specific heats, c: 

In the 

Acetonitrile: 0.54 cal/g 
Propionitrile: 0.538 cal/g 
Butynonitrile: 0.547 cal/g 

Taking an average value f o r  c = 0.54 cal/g, we can, f o r  each compound, cal- 
culate H0298-H! = 298 Mc where M = molecular weight. The bond energy of the 
-C(CN), group is then calculated using values for other bond energies as 
given by PitzerZ2 and values for the heats of formation of H, N ,  and C atoms 
as given in reference 13. The results of these calculations are listed in 
Table V. 

Table V 
E(-c(cN), 1 

Compound kcal 

l,l,l-Tricyanoethane 800 

1,1,l-Tricyanobutene-3 816 

l,l,l-Tricyanobutyne-3 819 

1,1,1,6,6,6-Hexacyanohexene-3 814 

1 ,I, 1,6,6,6-Hexacyanohexyne-3 814 

1,1,1,8,8,8-Hexacyanooctadiyne-3,5 822 
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The f o l l o w i n g  a r e  our c o n s e r v a t i v e  e s t i m a t e s ,  exp res sed  i n  k c a l ,  of 
t h e  u n c e r t a i n t i e s  i n  t h e  c a l c u l a t e d  v a l u e s  of t h e  s t a b i l i z a t i o n  e n e r g i e s :  

Combustion p r o c e s s  1 .O 
Heat of v a p o r i z a t i o n  1.0 
Heat o f  s u b l i m a t i o n  4.0 

The bond ene rgy  c a l c u l a t i o n s  a r e  i n  error, i n  a d d i t i o n ,  because  of 
t h e  u n c e r t a i n t y  i n  t h e  e n t h a l p y  c a l c u l a t i o n .  For, n o t  on ly  i s  c e s t i m a t e d  
a t  25OC b u t  t h e  f u r t h e r  a s sumpt ion  i s  made t h a t  c is  temperature- independ-  
e n t .  T h i s  may i n t r o d u c e  an  error a s  l a r g e  a s  2 or 3 k c a l .  Consequent ly  
n e i t h e r  t h e  s c a t t e r  i n  the  s t a b i l i z a t i o n  e n e r g i e s  no r  t h e  a p p a r e n t l y  i n -  
c r e a s i n g  t r e n d  i n  t h e  bond ene rgy  w i t h  i n c r e a s i n g  u n s a t u r a t i o n  i s  s i g n i f i -  
c a n t .  N e v e r t h e l e s s ,  a s s i g n i n g  a bond ene rgy  t o  t h e  t r i cyanomethy l  group 
i s  r e a s o n a b l e .  T o  c a l c u l a t e  t h e  h e a t  of f o r m a t i o n  of l i n e a r  or c y c l i c  
hydroca rbons  w i t h  t h e  g roup  s u b s t i t u t e d  i n  one or more l o c a t i o n s ,  a n  ave rage  
v a l u e  of  810 kcal f o r  t h e  -C(CN), bond ene rgy  would appea r  t o  i n t r o d u c e  an  
error of  about  10 k c a l .  W e  a r e  i n  t h e  p r o c e s s  of  de t e rmin ing  t h e  l a t e n t  
h e a t s  and h e a t  c a p a c i t i e s  n e c e s s a r y  t o  improve t h e  s i g n i f i c a n c e  of t h e  d a t a .  
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Acetylenic Propel lant  Binders  

Donald D. P e r r y ,  Gerald Golub, Rita D. Dwyer and Paul  F. Schaeffer 

Chemistry Department ,  Thiokol Chemical Corporation, 
Reaction Moto r s  Division, Denville, New Je r sey  

INTRODUCTION 

One approach to improving the pe r fo rmance  of composite solid propellants 
containing organic  fuel b inde r s  is to introduce endothermic groups into the binder 
s t ructure .  
groups,  a p r o g r a m  w a s  undertaken to synthesize po lymers  containing carbon-carbon 
t r ip l e  bonds and to evaluate  these  po lymers  a s  binders  in castable propellant systems.  
The studies reported h e r e  include the synthesis  of p repo lymers ,  cur ing of the p r e -  
poymers  to e l a s tomer i c  b inde r s  with diisocyanates,  laboratory propellant evalua- 
tion, and sma l l  rocket  m o t o r  t e s t s .  

Since the acetylenic  bond is one of the m o s t  energetic organofunctional 

PREPOLYMER PREPARATION 

The formation of ace t a l s  by the react ion of aldehydes with alcohols (equation 1) 

H+ 
2ROH t R'CHO , ( R O ) ~ C H R ~  t H ~ O  (1) 

is a well-known and useful p repa ra t ive  method i n  organic  chemistry.  
in equation 1, i t  is a n  equi l ibr ium react ion,  which is catalyzed by strong acids and 
favored by the removal  of water .  
react ion (equation 2). The success of this method depends on the ability to remove 

A s  indicated 

A modification of this method is the acetal  exchange 

H+ 
2ROH t (RO)zCHR' ,-- (R-  0)zCHR' t 2R"OH ( 2 )  

R"OH preferent ia l ly  and thereby shift the equilibrium i n  equation 2 to the right. 
This is generally accomplished by disti l lat ion,  and the conversion therefore  re- 
quires  t ha t  R"OH be significantly m o r e  volatile than ROH. The acetal  exchange 
react ion has found application i n  the preparat ion of ace t a l s  where d i r ec t  reaction 
of a n  alcohol and aldehyde is difficult o r  inconvenient, o r  where the acetal  of a low- 
boiling.alcoho1 i s  m o r e  readi ly  available.  Both react ions have been used frequently 
to protect  carbonyl g roups  during o the r  synthetic operations,  since regeneration of 
the f r e e  aldehyde o r  ketone can  usually be accomplished readily. 

1 

I 

2 , Hill and Caro the r s  invest igated the ace t a l  exchange reaction as a method 
of p repa r ing  polymers  (equation 3 ) .  When n was  3 or 4, c y c l i c  f o r m a l s  w e r e  the d 

1 
150' i- 

HO(CHz),OH + BuOCHzOBu -/- CH@( CH,),OI t 2 BuOH ( 3 )  
_/ 

acid cat. L m 

principal products.  
The react ion with decamethylene glycol, where  cyclic s t ruc tu res  a r e  not favored, 
w a s  studied mo.st extensively.  

Pentamethylene glycol (n  5) afforded a syrupy liquid polymer.  
d 

Initially a waxy polymer (m. p. 56. 5-57') of 



._ 

molecular  weight 2190, w a s  formed. On heating this  product i n  vacuo at 230-250°, 
po lymers  of 1 0 - 2 0 , 0 0 0  molecular  weight, capable of being drawn into f ibe r s ,  were  
obtained. 

The p resen t  study had as i t s  objective the preparat ion of low molecular  weight 
hydroxy-terminated polymers  containing acetylenic bonds and the i r  evaluation as 
binders  fo r  castable  solid propellant formulations.  
w a s  commercial ly  available,  the formation of polyacetals f r o m  th i s  glycol seemed 
to be a n  at t ract ive route  to the des i r ed  polymers .  
t r iple  bond would inhibit the cyclic acetal  formation observed by Hill and Carothers  
with the lower m e m b e r s  of the saturated glycol s e r i e s .  
change react ion the l i nea r  polymer (I) should be favored over  the cyclic acetal  (111): 

Since 2-butyne-I, 4-diol (11) 

It w a s  believed that the rigid 

Thus, i n  a n  ace t a l  ex- 

CHZ 
/ \  

0 0 
H+ I I 

nHOCHzCsCCH20H t n(R0)2CH2 A 2nROH t nCHzCzCCHZ ( 3 4  

I1 111 

v 1 
H(OCHZECCH20CHz)nOR t (2n- 1)ROH 

I a R = 2-propyl 
I b R = n - b u t y l  

Init ial  studies with butynediol (11) employed the react ion with di-n-butyl 
f o r m a l  and di-_n-propyl formal .  
tively high t e m p e r a t u r e s  (ca. 190') in o r d e r  to remove the by-product 2-butyl 
alcohol (b. p. 117.7'), and th i s  apparently caused s o m e  polymer degradation. As a 
r e su l t ,  only a semi-sol id  polymer ( I b )  of molecular  weight 475 w a s  obtained. The 
react ion with di-:-propyl fo rma l ,  however, gave po lymers  with molecular  weights 
of 680 and 1020 i n  two experiments.  
obtained by heating an equimolar mixture  of the r eac t an t s  at 130-180' f o r  nine h o u r s  
i n  the p re sence  of polyphosphoric acid and continuously removing the 5-propyl  alcohol 
by disti l lat ion into a Dean-Stark t rap.  The product w a s  a waxy ma te r i a l ,  m. p. 55', 
which w a s  shown by chemical  and infrared ana lys i s  showed to have the s t ruc tu re  I a  
where  R = "-propyl. 

The react ion of the f o r m e r  with I1 required r e l a -  

The higher  molecular  weight material w a s  

S imi l a r  acetal  exchange react ions w e r e  c a r r i e d  out between I1 and di-2-propyl 
ace t a l  (IV) and I1 and diethyl propional (V), to give low molecular  weight, liquid 
polyacetals (VI a and VI b): 

( CH3 CHzC HzO)2CHC H3 (CzHrj0)2CHCHzCH3 

IV V (4) 

HOC HZC 5 C C HzOH HOCHzCZCCHzOH \ HOfCHzC zCCHzOCHO.)R1 
I 
R 

V I a  R=CH3-; R1=C3H7- 
V I b  R=C,Hrj-; Rl=CzHS- 
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Despite the success  achieved in preparing low molecular  weight acetylenic 
e the r  po lymers  by the a c e t a l  exchange react ion,  a n  improved method w a s  desired,  
since i t  w a s  difficult to obtain molecular  weights above 1, 000,  and the reactions 
w e r e  slow. 
(equation 5) proceeded rapidly in  refluxing benzene o r  toluene to yield po lymers  

It was found a t  this  point that  d i r e c t  react ion of I1 with paraformaldehyde 

H+ 
nHOCH2CzCCHzOH t n(CH20)x - HOfCHzC:CCHzOCHzOtnH t (n-1)HzO (5)  

I1 I C  

having molecular  weights i n  the 1500-2500 range. 
colored waxes,  quite s i m i l a r ,  except f o r  their  molecular  weights, to the products 
obtained in the acetal  exchange react ions.  The react ion proceeded approximately 
twice as  f a s t  i n  toluene as in benzene due to  the higher t empera tu re  attainable. 
generali ty of the method w a s  shown by the f ac t  that  it could also be successfully 
employed with 2 ,  4-hexadiyne-l ,6-diol  and paraformaldehyde,  and with I1 and 2-ethyl- 
butyraldehyde, although i n  these  c a s e s  only low molecular  weight (600-800) products 
w e r e  obtained. 

These w e r e  ha rd ,  brownish- 

The 

The polyacetals obtained i n  these  react ions w e r e  cha rac t e r i zed  by wet chemical 
and in f r a red  analyses ,  and b y  cryoscopic  molecular  weight determinations.  F o r  
the l a t t e r ,  the p r e f e r r e d  method w a s  the freezing point dep res s ion  of an  ethylene 
bromide solution. 

In f r a red  and functional group analyses  showed the p re sence  of two hydroxyl 
end-groups i n  the products  obtained f r o m  formaldehyde ( IC) .  
r e s u l t s  of chain extension and cross- l inking react ions with diisocyanate (vide infra) 
confirmed the p re sence  of two terminal  hydroxyl groups. 

In addition, the 

CURING STUDIES 

Curing of the acetylenic  polyacetals to rubbery polyurethanes could be achieved 
with any of a number of commercial ly  available diisocyanates,  including 2,4-t0luene- 
diisocyanate (TDI), hexamethylenediisocyanate (HDI), dianisidine diisocyanate (DADI), 
and 4, 4'-diisocyanatodiphenylmethane (MDI). 
studied m o s t  extensively. The  react ions w e r e  c a r r i e d  out i n  solution i n  benzene, 
toluene, o r  ethylene bromide,  o r  in bulk. 
with supe r io r  p rope r t i e s  and, of cour se ,  it is the only suitable method for  u se  in  
a p rac t i ca l  propellant p rocess .  

The f i r s t  two diisocyanates w e r e  

The bulk react ion i n  general  gave products 

In addition to the diisocyanate,  cross- l inking agents,  ca t a lys t s  and p l a s t i c i ze r s  
w e r e  used to acce le ra t e  the cu re  reaction and to improve  the physical p rope r t i e s  
of the ul t imate  binder composition. 
functional alcohols ( c a s t o r  oil  and trimethylolpropane) ,aminoalcohols and 
o r  a romat i c  diamines.  
olpropane. 
isocyanate,  which r e su l t ed  i n  a longer  pot life for the propellant mix. 

The cross- l inking agents consis ted of t r i -  
aliphatic 

Castor  oil w a s  p r e f e r r e d  because of i t s  lower r a t e  of reaction with the 
Bes t  r e su l t s  w e r e  obtained with cas to r  oil and t r imethyl-  

Catalysts 
f o r  the polyurethane formation react ion included t e r t i a ry  amines and f e r r i c  acetonyl- 
acetonate.  A va r i e ty  of typical e s t e r  -type p l a s t i c i ze r s  were  investigated 
to give improved physical  p rope r t i e s .  
phthalate. 
that  a m o l a r  ra t io  of polyforma1:diisocyanate:cross-linking agent of 1: 1.5:O. 2 gave 

,_- 

The bes t  of these was butyl cyclohexyl 
Finally,  a study of reaction stoichiometry vs.  physical  p rope r t i e s  showed 
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the bes t  r e su l t s .  Cure  w a s  essent ia l ly  complete  in  20 hour s  a t  80'C. 

In Table I a r e  l i s ted  the physical  p rope r t i e s  of some typical binder compositions, 
both with and without p las t ic izer .  
ditions given above, except f o r  sample 5 for  which a 44 hour c u r e  t ime was used. 

These  a l l  used the s toichiometry and cure con- 

LABORATORY PROPELLANT FORMULATION AND EVALUATION 

Propel lan t  composi t ions containing the acetylenic  fuel binder  and ammonium 
pe rch lo ra t e  oxidizer w e r e  p repa red  and cured  and the i r  physical  and bal l is t ic  
p rope r t i e s  determined.  
pe rch lo ra t e  oxidizer  have been prepared .  
ox id izer  f o r  this  fue l  b inder .  
p rope r t i e s  w e r e  good. 
i s  given in  the Exper imenta l  Section, and Table  I1 summar izes  the principal 
physical  p rope r t i e s  of a cha rac t e r i s t i c  batch of cured  propellant. 
e r t i e s  w e r e  measured  on dumbell  spec imens ,  4 to 6 inches long with a 1- inch 
guage length 3/32 inch thick and ends of 1 / 4  inch thickness. 

Formula t ions  containing up to 8370 by weight of ammonium 
This  r ep resen t s  the opt imum level  of 

P rocess ing  cha rac t e r i s t i c s  and propel lant  physical 
A descr ip t ion  of the prepara t ion  of a typical propel lant  batch 

The tensi le  prop-  

.Table I1 

Phys ica l  P r o p e r t i e s  of Acetylenic Polyurethane Propel lan ts  

Formula t ion  Tensi le  Elongation Density Impact  Autoignition 
No. Strength (70) (lbs. /in. 3, Sensitivity Temp. (OF) 

----_.-I-_-- 
(ps i )  (in. ) 

57 90 16 0.0625 9-10 670 
66 108 1 4  0.061 8 660 
73 110 25 0 . 0 6 1  9-10 68 5 

Notes: 

1. Formulat ions 57 and 73 used HDI; 66 used  TDI. 

2 .  

_--- 

All  t h r e e  formulat ions contained about 5% (by wt. of propel lant)  of BCPH and 
used  cas to r  oil  a s  c ross - l ink ing  agent. 

Oxidizer  loadings f o r  formula t ions  66 and 73 w e r e  75% for  57, 77.8% 3. 

Among the mos t  in te res t ing  fea tures  of the acetylenic  polyurethane propellants 
w e r e  the i r  bal l is t ic  p rope r t i e s .  
mined i n  a Crawford bomb apparatus .  
w e r e  no rma l  fo r  ammonium perchlora te  type composi te  propel lants ,  ranging f rom 
0.5 to 1 .25 in. / s ec .  
r a t e  vs .  p r e s s u r e  c u r v e s  in  the 700-2000 ps i a  region. The exact  position and extent 
of the plateau region v a r i e d  somewhat  f r o m  batch to  batch, but i t  was  a constant 
f ea tu re  of a l l  the composi t ions containing the acetylenic polyurethane binder. 
value of such  a region of re la t ive  lack  of p r e s s u r e  dependence of burning r a t e  in  
providing control led burning despi te  p r e s s u r e  fluctuations is  obvious. It was  

Burning r a t e s  of propel lant  s t r ands  w e r e  de te r -  
The burning r a t e s  measu red  at 1,000 psia  

What was  unusual was  the occurrence  of a plateau in  the burning 

The 
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possible  through the u s e  of a catalyst  to i n c r e a s e  the propellant burning r a t e  up to 
2 .2  in.  / s e c .  
propellant compositions a r e  shown in F igu re  1. 

Curves of burning r a t e  vs. p r e s s u r e  fo r  catalyzed and uncatalyzed 

Safety t e s t s  w e r e  c a r r i e d  out in  o r d e r  to de t e rmine  the handling cha rac t e r i s t i c s  
of the propellant system. The impac t  sensit ivity of the propellant w a s  found t o  be 
approximately the same  as that of pu re  ammonium pe rch lo ra t e  (9-12 inches)  when 
t e s t ed  with a 2 kg weight i n  the Picatinny A r s e n a l  impact  dropweight t e s t e r .  
tion t e s t s  made  with a number eight blasting cap and 20 g r a m s  of t e t ry l  indicated that  
the propellant is  not sensi t ive to  detonation. 
propel lants  is i n  the range of 220 to 24OoC as m e a s u r e d  by the Picatinny Arsena l  t e s t  
method. 
days without any signs of degradation o r  change i n  the i r  physical  p rope r t i e s .  

Detona- 

The autoignition t e m p e r a t u r e  of these 

Propel lant  s amples  have been s to red  at  8OoC (175'F) fo r  per iods up to 30 

SMALL MOTOR FIRINGS 

Although the p r o g r a m  was  p r i m a r i l y  concerned with the synthesis  and laboratory 
evaluation of t hese  new propellant compositions,  some  p rac t i ca l  confirmation of their  
theoret ical  performance was  a l s o  desired.  Consequently, a l imited number of small 
moto r  f i r ings w e r e  c a r r i e d  out. 

Theoret ical  performance calculations w e r e  first made  on propel lant  compositions 
containing the acetylenic polyurethane bidder and ammonium pe rch lo ra t e  as the oxi- 
dant. 
Specific impulse values  of 251-252 lbf-sec.  /lbm. w e r e  calculated a t  1000 p s i a  chamber  
p r e s s u r e  f o r  optimum oxidizer loadings.  F o r  the actual  compositions tes ted,  the 
theoret ical  values  w e r e  somewhat lower.  In all, 18 acetylenic polyurethane propel lant  
grains w e r e  t e s t  f i r ed  i n  small moto r s .  These ranged in  weight f r o m  0.40 t o  6 lb. 
and included both 3-inch and 6-inch d i ame te r  end-burning grains .  Two compositions 
w e r e  used, one containing 75% oxidizer,  which had a theoreti$al I sp  of 243 seconds a t  
1000 psia  chamber  p r e s s u r e ,  and one containing 77.870 oxidizer,  having a calculated 
Isp of 249 seconds.  
222 seconds f o r  the 75qooxidizer compositions,  indicating efficiencies of 88.1 to 91.2% 
F o r  the 77.80/0oxidizer grains ,  the experimental  values  w e r e  f r o m  225 to 229 seconds,  
with the corresponding efficiencies being 90.4 to 92.0% Chamber p r e s s u r e s  in these  
t e s t s  ranged f r o m  300 to  1000 p s i  and th rus t  l eve l s  w e r e  i n  the r ange  of 25 to  100 lbs .  

These calculations a s s u m e d  a shifting equilibrium i n  the rocke t  exhaust. 

Experimental  I sp  values  f o r  t hese  m o t o r s  ranged f r o m  214 to 

c 

! 
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EXPERIMENTAL 

- Poly(2-butyne- 1, 4-dioxymethylene) 

A. F r o m  Di-E-propylformal (1)  - A three-necked,  round-bottom flask,  
fitted with a gas  inlet  tube,  a mechanical  s t i r r e r  and a graduated Dean-Stark 
mois ture  t r a p  with a condenser  attached, was charged with 66 g. of di-e-propyl 
f o r m a l ,  45 g. of 2-butyne-1,  4-diol and 0. 5 g. of p-toluenesulfonic acid.  A slow 
s t r e a m  of nitrogen w a s  p a s s e d  through the s y s t e m  via  the gas  inlet  tube to aid i n  
entrainment  of the by-produced n-propanol ,  and the mixture  was heated i n  an oil  
bath. 
was heated for two to  t h r e e  h o u r s  a t  125' to 150'. During this  t ime 60-70 ml. of 
- n-propanol w a s  disti l led into the Dean-Stark t rap.  
for  another  t h r e e  h o u r s  under reduced p r e s s u r e  (1 to  3 mm.). 
D r y  Ice-acetone were  placed i n  the s y s t e m  to collect  any additional alcohol formed 
in the react ion.  
heating cycle.  The react ion mixture  then was  allowed to cool. The product,  a waxy 
solid, weighing 46 g . ,  mel ted a t  60°, and represented  a 90%yield. 
weight, based on t h e  f reezing-point  depress ion  in  ethylene bromide,  was  680. 

When i t  became sufficiently fluid, the mixture  was s t i r r e d  mechanically and 

The mixture  then was  heated 
T r a p s  cooled with 

An additional 5 to 15 ml. of 2-propanol  w a s  isolated during this  

Its molecular  

A&. Calcd. for  C5Hb02: C,  61.26; H, 6.75. 

Found : C, 6 0 .  76; H, 6.75. 

An experiment ,  i n  which the s a m e  reac tan ts  and substantially the same  pro-  
and a cedure  w e r e  used a s  in  A, except  that polyphosphoric acid was  the catalyst  

longer  react ion t ime (9 hours )  and higher tempera ture  (1 30-180') w e r e  employed, 
resul ted in a quantitative yield of a polymer i n  the f o r m  of a dark  brown, waxy solid, 
m.p. 55' with a molecular  weight of 1020 (determined cryoscopically).  

Anal. Found: C,  60.44; H, 6.58. 

B. 

- 
F r o m  Di-e-butyl F o r m a l  - When 2-butyne-l ,4-diol  and di-_n-butyl formal  

I __I_I .- . . .- I 
were  allowed to reac t  in  a similar manner  a t  t empera tures  up to 190' in  the presence 
of a catalyt ic  amount of p-toluenesulfonic acid,  near ly  t w o  equivalents of 2-butanol 
dist i l led off. 
a s  de t e rmined  cryoscopically in  a benzene solution. 

The product  w a s  a mushy, l ight brown solid,  of molecular  weight 475, 

C. F r o m  Paraformalde>cle - A three-necked,  300 ml. f lask  was  equipped 
with a the rmomete r ,  mechanical  s t i r r e r  and Dean-Stark t r a p  with a condenser attached. 
The f lask w a s  charged with 130 g. of toluene and 43 g. of 2-butyne-l ,4-diol .  
formaldehyde (15 g. ) and 0. 5 g. of - p-toluenesulfonic acid were  added portionwise to the 
mixture ,  o v e r  a 3.5-hour  per iod.  
dehyde and catalyst  the mix tu re  was heated to reflux tempera ture  (100'-110'). 

action mixture  was allowed to cool, and the toluene was  decanted f r o m  the solid 
polymer ,  which had separa ted  f r o m  the solution. 
4 hours ,  under  a vacuum of 1 to 2 m m . ,  a t  80'-115'. 
waxy polymer,  of molecular  weight 2300, was  obtained. 

P a r a -  

After  addition of the f irst  portion of paraformal -  
During 

t h e  react ion near ly  9 ml. of w a t e r  w e r e  collected i n  the Dean-Stark t rap .  The r e -  

The polymer then was  heated for 
A yield of 46 g. (94%) of a hard,  

Poly(2,  4-Hexadiyne-l,6-dioxymethylene) - A three-necked flask,  equipped a s  
in Example A, was charged with 130 g. of benzene, 2 2  g. of 2 ,4-hexadiyne- l ,  6-dio1, 
and 6. 1 e .  of Daraformaldehvde. D-Toluenesulfonic acid (0 .2  e .  was added. and the 
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mixture  w a s  heated a t  ref lux t empera tu re  f o r  3 hours .  
water  was dis t i l led into the Dean-Stark t r a p  during this t ime.  
allowed to cool, and the benzene was  decanted f r o m  the solid polymer.  
then w a s  heated f o r  3 hours  a t  9O0-10OC under  a vacuum ( 2  to 3 mm). 
was a dark-colored,  waxy solid,  melting a t  70'-75', and having a molecular  weight 
of 810. 

Approximately 3.0 ml. of 
The mixture  was 

The polymer 
The product 

Poly(2-butyne-l,4-dioxyethylidene)- -- A 250 ml., three-necked f lask  equipped 
a s  in Example I, was charged with 43 g. of 2-butyne-1, 4-dio1, 73 g. of di-E-propyl 
acetal ,  and 0.5 g. of p-toluenesulfonic acid. 
f o r  th ree  hours  a t  a tGospher ic  p r e s s u r e ,  under a slow s t r e a m  of nitrogen to aid 
in  the entrainment  of the by-produced alcohol during which t ime 65 ml. of 2-propanol 
were  collected. 
at 1 to  3 mm. p r e s s u r e ;  and an added 10 ml. of :-propanol w e r e  isolated.  The 
product,  obtained in  quantitative yield, was  a viscous,  dark-brown liquid. I t s  
molecular  weight was 920 when determined cryoscopically in ethylene bromide. 

The mixture  was heated at 125' to 150' 

The react ion mixture  then was heated for  an additional four  hours  

Poly(2-butyne-1, 4-dioxy-2'-ethylbutylidene)- A 500 ml., three-necked,  round 
bottom flask,  equipped a s  in Example A above, was  charged with 43.0 g. of crude 
2-butyne- l ,4 -d io l ,  0.5 g. of p-toluenesulfonic acid,  and 250 ml. of benzene. The 
mixture  was heated to 60°, azd 50.1 g. of 2-ethylbutyraldehyde w a s  added. 
theoret ical  amount of water  w a s  collected by azeotropic  dis t i l la t ion during an 8-hour  
heating per iod a t  75'-82'. To remove the ac id  catalyst  a mildly basic ion exchange 
res in ,  Amberl i te  IR-45 (10 g. ),was added, and the mixture  was s t i r r e d  a t  r o o m  t e m -  
pera ture  for  2 to 3 hours.  The r e s i n  and impur i t ies  then w e r e  f i l t e red  off, and 
benzene and volati les w e r e  dis t i l led f r o m  the remaining product during a 5-hour 
heating per iod a t  8Oo-9O0/2-15 mm. 
cular  weight, measu red  by the cryoscopic  method, was  620. 

The 

A dark,  viscous l iquid was obtained. I t s  mole- 

Polvurethanes f r o m  Poly(2-Butyne-I ,  4-dioxymethylen& 

A. Reaction with 2,4-Toluene D i i s o c y a n G  - A sample of polyformal of 
molecular  weight 1915 (95.7 g . ,  0.05 mole)  w a s  melted in a 500 ml. beaker ,  and 
1.34 g. (0.01 mole)  of tr imethylolpropane (TMP)  was  added. The mixture  was 
heated to 80°, agitated thoroughly, and then degassed a t  8O0/5mm. in a vacuum 
oven. 
was added and the mixture  was again heated to  80' and thoroughly mixed. 
then c a s t  into a Teflon-coated mold, degassed a t  8Oo/5mm again f o r  one hour ,  and 
cured at  80' for 20 hours.  
a r e  given in Table I (Sample 1) .  

After cooling to 50°, 13. 05  g. (0 .075  mole)  of 2,4-toluenediisocyanate (TDI) 
It was 

The physical p roper t ies  of the resul t ing polyurethane 

B. Reaction with Hexamethylene Diisocyanate - 1. The above procedure w a s  
reoeated using 12.60 (0.075 mole)  of hexamethylenediisocyanate (HDI) instead of TDI. - 
The physical p roper t ies  of the product  a r e  l is ted in  Table I (Sample 2). 

2. When the same  p rocedure  w a s  repeated with 60 g. (0.05 mole) of polyformal 
p repo lymer  of molecular  weight 11 80, a polyurethane with similar physical prop- 
e r t i e s  was obtained (Sample 3, Table I). 

C. Prepara t ion  of P las t ic ized  Polyurethane Compositions - 1. The p r o -  
cedure given in B. 2 was  repeated,  except that  10.5 g. butylcyclohexylphthalate 
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(BCPH) was added to the or iginal  mixture  as a p l a s t i c i ze r ,  and 0. 5 g. of di-p- 
phenylphenylenediamine and 0 .05  g. of ferric acetonylacetonate w e r e  used a s  
catalysts .  The p rope r t i e s  of the result ing cu red  po lymer  are given in Table I 
(Sample 4). 

2. The above p rocedure  w a s  repeated using 95.7 (0.05 mole)  of the 1915 

Physical  p rope r t i e s  are  l i s t ed  under Sample 5 in Table I. 
molecular  weight prepolymer and 9.18 g. (0.01 mole)  of castor  oil a s  the 
cross- l inking agent. 

D. Mixing, Casting and Curing of P r o p e l l a n k -  The propellant w a s  mixed 
i n  a sigma-blade mixer .  The o r d e r  of addition of ingredients  had l i t t le  effect on 
the p rope r t i e s  of the final propellant.  Fo r  safety r easons ,  however, the ammnnium 
pe rch lo ra t e  w a s  added to the fuel  binder  ingredients,  except for  the diisocyanate. 
The l a t t e r  w a s  added port ion-wise to the r ema inde r  of the propellant mix. 
procedure w a s  employed to i n c r e a s e  pot life. 
propellant mixing were the mixing t empera tu re  and the mixing t ime .  The mixing 
t empera tu re  was  governed p r i m a r i l y  by the temperature-viscosi ty  relationships 
of the pa r t i cu la r  prepolymer batch.  Propel lants  containing up t o  77.8 percent 
oxidizer  w e r e  cas t  through a "bayonet" with 1 /16  in.  to 1 / 8  in. wide s l i t s  into an  
evacuated, vibrated mold. 
20 ps ig  nitrogen p r e s s u r e  to the cast ing feed can. 
men t  w e r e  maintained at 70-75'C during casting. 
propel lants  w e r e  0 .063 ,  0.061, and 0.058 lb/ in .  
pe rch lo ra t e  respectively.  
r e t i ca l  densit ies.  
c u r e  w a s  generally obtained in 20 hour s  a t  8OoC. 

This  
The most  important  f ac to r s  in the 

P rope l l an t  containing 80% oxidizer w a s  c a s t  by applying 
The propellant and casting equip- 

The m e a s u i e d  densi t ies  of the 
a t  80 ,  77.8, and 75 wtyoammonium 

Gra ins  w e r e  c u r e d  a t  75 to 80°C fo r  16 to 44 hours;  a satisfactory 
These  densi t ies  r e p r e s e n t  98. 5, 97, and 95%of the theo- 
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Fig. 1.-BURNING RATE OF CATALYZED AND 
UNCATALYZED ACETYLENIC POLYURETHANE PROPELLANT COMPOSITIONS 

CONTAINING 8 0  PERCENT AMMONIUM PERCHLORATE 



PHYSICAL PROPERTIES O F  THE LIQUID OZONE-FLUORINE SYSTEN* 

Charles K. Hersh and A.  J. Gaynor 

I I T  Research I n s t i t u t e  
Chicago, I l l i n o i s  

INTRODUCTION 

The u t i l i z a t i o n  of ozone and f l u o r i n e  as l i q u i d  oxid izers  has  
been an a i m  of rocke t  technologis t s  f o r  many years .  I t  has  been 
known f o r  some t i m e  t h a t  l i q u i d  ozone and f l u o r i n e  a r e  miscible  
over t he  e n t i r e  composition range,  i n  c o n t r a s t  t o  t he  ozone-oxygen 
s y s t e m ,  which has  a consolu te  temperature of 93OK. 

Inves t iga to r s  a t  NASA have computed the  s p e c i f i c  impulse of 
ozone-fluorine mixtures  w i t h  JP-4 and have shown t h a t  a maximum 
occurs  a t  about 30 w t  % ozone.' 
f o r  a more complete eva lua t ion  of th i s  s y s t e m  have not been ava i lab le .  
I t  w a s ,  t he re fo re ,  the purpose of t h i s  study t o  measure t h e  dens i ty ,  
s u r f a c e  tens ion ,  v i s c o s i t y ,  and vapor-liquid e q u i l i b r i a .  

The phys ica l  p rope r t i e s  necessary 

EXPERItllENTAL 

Density 

A b o r o s i l i c a t e  glass U-tube, 4 nun i n  I . D .  and 10 c m  long,  was 
used f o r  the dens i ty  measurements.* 
ozone was t r a n s f e r r e d  t o  t h e  U-tube, and the  procedure w a s  repeated 
wi th  enough l i q u i d  f l u o r i n e  t o  r e s u l t  i n  a s o l u t i o n  of the des i red  
concentrat ion.  The va lves  sepa ra t ing  the l e g s  of the U-tube w e r e  
c losed  and the s o l u t i o n  w a s  mixed. The metal tubes conta in ing  the 
equi l ibr ium vapor over each l e g  w e r e  then hea ted  s l i g h t l y .  Since 
t h e  vapor cons i s t ed  almost  e n t i r e l y  of f l u o r i n e ,  i t  is be l ieved  t h a t  
hea t ing  d id  not  change t h e  composition, b u t  caused the gas t o  bubble 
through the  l i q u i d ,  thus  in su r ing  thorough mixing. While a s l i g h t  
p re s su re  was maintained on one l e g  of t he  U-tube, the l i q u i d  l e v e l  
of t h e  ozone-fluorine mixture  and the l eve l  of t h e  re ference  
fluorocarbon manometer w e r e  measured w i t h  a cathetometer.  The 
d e n s i t i e s  obtained i n  t h i s  manner a r e  shown i n  Table 1. 

A measured amount of l i q u i d  

These da ta  w e r e  then reduced t o  s t r a i g h t  l i n e  func t ions  on the  
I n s t i t u t e ' s  Univac 1105 computer by the method of l e a s t  squares .  
The computer program f o r  t h i s  purpose was a v a i l a b l e  from a previous 
s tudy ,  hence the r educ t ion  w a s  r e a d i l y  accomplished. Equations f o r  
determining t h e  dens i ty  of  l i q u i d  ozone-f l uo r ine  mixtures a t  t h e  
two temperatures i n v e s t i g a t e d  are: 

- 0.1009 ( w t  f r a c t i o n  03) + 1.4704 p -183 OC -- 
(dev ia t ion  = +0.0013) 

* 
This work w a s  supported a t  I I T  Research I n s t i t u t e  by t h e  National 
Aeronautics and Space Adminis t ra t ion under Contract  No. NASw-76. 
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= 0.0534 ( w t  f r a c t i o n  03) + 1.5611 
f' -195.8OC 

(devia t ion  = 20.0024) 

Table 1 

DENSITY OF L I Q U I D  OZONE-FLUORINE MIXTURES 

( 2 )  

Ozone 
Temperature, Concentration, 

OC w t  % 

-183 0 .o 
31 -0 
84.6 
100 .o 

-195.8 0.0 
23.0 
61.8 
100.0 

Density,  q/ cc 
Measured Calculated* 

1.472 1.470 
1.499 1.502 
1.557 1.556 
1.571 1.571 

1.561 . 1.561 
1.573 1.573 
1.595 1.594 
1.614 1.615 

* 
From E q  (1) and ( 2 ) .  

Viscosi ty  

modified Ostwald viscometer,2 which was used with a v a r i a b l e  volume 
of l i q u i d .  
tubing ( 4  mm i n  I . D . )  with a c a p i l l a r y  s e c t i o n  0.203 nun i n  diameter 
and 1 2  c m  long. 

To f o r c e  t h e  l i q u i d  to  a convenient h e i g h t  above t h e  c a p i l l a r y  

The v i s c o s i t y  of ozone-fluorine mixtures was determined i n  a 

The viscometer was made from prec is ion-bore , .g lass  

s e c t i o n ,  e i t h e r  helium pressure  was used, o r  the m e t a l  t ubes  
containing t h e  equi l ibr ium vapor over each l e g  w e r e  hea ted  a f t e r  
t h e  valves had been closed. Then the va lve  i s o l a t i n g  t h e  two arms 
of t h e  viscometer w a s  opened and t h e  readings of the h e i g h t ,  h ,  of 
l i q u i d  a s  it f e l l  through t h e  c a p i l l a r y  w e r e  taken as a func t ion  
of time. The dr iv ing  pressure  w a s  p ropor t iona l  to the d i f f e r e n c e  
between the l i q u i d  and t h e  equi l ibr ium l e v e l s  (h - he) and, i n  
uniform bore tubing,  t h e  rate of flow was propor t iona l  to dh/dt. 
Hence, f o r  l i q u i d s  following P o i s e u i l l e ' s  l a w ,  l o g  ( h  - he) should 
be proport ional  t o  t h e  t i m e  of flow. 
between log (h - he) and t i m e  was obtained,  which shows that ozone- 
f l u o r i n e  so lu t ions  are Newtonian f l u i d s .  

For convenience, the h a l f  t i m e  ( t  / 2 ) ,  which i s  t h e  t i m e  
requi red  f o r  t h e  l i r p i d  t o  f a l l  one h a l f  the d i s t a n c e  from t h e  
i n i t i a l  l e v e l  to t h e  equi l ibr ium l e v e l ,  w a s  determined from graphs 
of t h e  time-height funct ions.  The v i s c o s i t y  w a s  c a l c u l a t e d  from 
t h e  equation: 

I n  every case  a l i n e a r  r e l a t i o n  



i 30 

w h e r e  

p = v i s c o s i t y  
p = dens i ty  of t he  f l u i d ,  g/cc 
C = an appara tus  cons t an t  determ'ned with l i q u i d s  of 

known v i s c o - i t y  (1.289 x lo-' centipoise-cc/sec- 
gram). 

The r e s u l t s  shown i n  Table  2 r ep resen t  a t  l e a s t  two independent 
measurements €or each v i s c o s i t y  repor ted .  

Table 2 

VISCOSITY O F  OZONE-FLUORINE MIXTURES 
- 
Ozone Concentrat ion,  Viscos i ty ,  cp 

mole % -183OC -195.8OC 
100.0 

79.1 
70.5 
30.5 
26.8 
0.0 

1.55 5 0.01 4.15 5 0.04 
0.905 2 0.01 

0.343 2 0.03 
1.95 f 0.01 

0.682 2 0.02 
0.208 2 0.01 0.344 2 0.01 

Surface  Tension 

The su r face  t ens ion  of var ious ozone-f l u o r i n e  mixtures  w a s  
determined by the c a p i l l a r y  r ise method i n  t h e  apparatus  used f o r  
t h e  v i s c o s i t y  measurements. The fol lowing equat ion w a s  used: 

where 

T = s u r f a c e  t ens ion  
r = r a d i u s  of  c a p i l l a r y ,  c m  
h = c a p i l l a r y  rise, c m  
p = dens i ty  of  s o l u t i o n ,  g/cc 
g = g r a v i t a t i o n a l  cons tan t ,  cm/sec2 

Resul t s  a t  -183 and -195.8OC a r e  given i n  Table 3. 

/" 
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Table 3 

SURFACE TENSION OF OZONE-FLUORINE MIXTURES 

Surface Tension, 

mole % -183OC -195.8OC 
100.0 39.9 43.5 

Ozone Concentration, dynes/cm 

79.1 30.2 
70.5 
30.5 

35.6 
19.1 

26.0 22.4 
0.0 1 2 . 3 .  15.5 

VaDor Pressure 

Two d i f f e r e n t  techniques w e r e  used i n  determining the  vapor 
pressure  of var ious l i q u i d  ozone-f l uo r ine  mixtures,  depending on 
the pressures  t o  be measured. The f i r s t  technique was developed 
f o r  measurements a t  low pressures  ( t o  1.5 a tm).  The l i q u i d  ozone, 
which was condensed a t  l i q u i d  oxygen temperature (-183OC) i n t o  a 
c a l i b r a t e d  g l a s s  t u b e ,  was pumped on a t  reduced pressure  t o  remove 
any r e s i d u a l  oxygen, and then the  t o t a l  volume was measured with a 
cathetometer.  The measured amount of ozone was then t r a n s f e r r e d  
quan t i t a t ive ly  t o  a g l a s s  tube  by d i s t i l l a t i o n .  The above procedure 
was repeated wi th  l i q u i d  f l u o r i n e  condensed 'at l i q u i d  n i t rogen  
temperature (196OC), and t h e  two l i q u i d s  w e r e  allowed t o  come t o  
equi l ibr ium be fo re  a vapor p re s su re  reading  was taken. Readings 
were taken a t  ba th  temperatures of 75.7, 77.7, and 90.2OK. These 
temperatures w e r e  measured with a.n oxygen vapor p re s su re  thermometer. 
Af te r  the  i n i t i a l  values had been determined, add i t iona l  known 
amounts of f l u o r i n e  were admitted t o  t h e  U-tube, and vapor pressure  
readings were again taken. The data  obta ined  i n  this manner fo r  a 
s e r i e s  of ozone-fluorine mixtures a r e  given i n  Fig. 1. 

Considerable time was r equ i r ed  f o r  the  l i q u i d  mixtures t o  come 
t o  equi l ibr ium i n  the  o r i g i n a l  U-tube, and i t  w a s  thought . tha t  a 
s t i r r i n g  bar  would ensure a homogeneous s o l u t i o n  of t h e  t w o  l i q u i d s  
i n  the  modified apparatus .  However, i n  each of t h e  three attempts 
t o  u s e  a Teflon-coated s t i r r i n g  bar  on the  90 m o l e  % ozone m i s t u r e s ,  
t he  apparatus was destroyed by an explosion. Apparently,  t he  
mixtures which have high ozone concent ra t ions  a r e  as s e n s i t i v e  t o  
the  wiping ac t ion  of t he  s t i r r i n g  bar along t h e  g l a s s  su r face  of 
the r e se rvo i r  a s  i s  100% ozone (from previous exper ience) .  

The values a t  g rea t e r  than 50 mole % ozone were obta ined  i n  a 
r e se rvo i r  which has a l a r g e  c ross -sec t iona l  area, i n  t h e  hope t h a t  
t h i s  apparatus would f a c i l i t a t e  m a s s  t r a n s f e r  between t h e  two 
l i q u i d  phases ( f l u o r i n e  on top  of ozone).  

a l l -meta l  s y s t e m  similar t o  t h a t  used f o r  measurements on ozone- 
I n  t h e  second technique ( t o  20 atm) , t h e  apparatus  was a n  
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oxygen m i ~ t u r e s . ~  
steel .  I t  cons i s t ed  of 1-inch bar  s tock  (1-1/2 inches l o n g ) ,  
Swagelok f i t t i n g s ,  a p r e s s u r e  gauge, and a copper-constantan 
thermocouple. T h e  s y s t e m  had a volume of 20.1 cc. 

The t e s t  chamber w z s  cons t ruc ted  of s t a i n l e s s  

The experimental procedure cons i s t ed  of determining t h e  l i q u i d  
l i n e s .  The r e s u l t s  a r e  shown i n  Fig. 2 .  When the volume of vapor 
i n  a c losed  s y s t e m  is  k e p t  small r e l a t i v e  to  t h e  volume of l i q u i d ,  
t h e  amount of l i q u i d  that  m u s t  be vaporized to g ive  a 20-atm 
p res su re  is s m a l l .  Thus, t he  composition of t h e  l i q u i d  w i l l  be  
changed b y  only a n e g l i g i b l e  amount. For these determinations the  
composition of the charge was known accura t e ly ,  and provis ion  w a s  
made for  a g i t a t i o n  of the tes t  bomb. 

As determined by t h i s  method, the vapor p re s su re  of pure 
f l u o r i n e  w a s  found t o  be i n  agreement with t h e  value r epor t ed  by 
L a n d a ~ , ~  and the  vapor p re s su re  of  oxygen w a s  found t o  be i n  
agreement with the va lue  r epor t ed  i n  NBS Circular No. 564.5 
v e r i f i e d  t h a t  f a c t  t h a t  t h e  pressure and temperature ind ica to r s  
were co r rec t  r e l a t i v e  t o  each o ther .  

This 

RESULTS AND CONCLUSIONS 

The densi ty  s t u d i e s  i n d i c a t e  t h a t  l i q u i d  ozone-fluorine mixtures 
are homogeneous and n o t  s u b j e c t  t o  decomposition a t  t h e  temperatures 
inves t iga ted .  Some of t h e  l i q u i d  m i x t u r e s  detonated during t h i s  
s tudy ,  bu t  only those  of  h igh  (g rea t e r  than 60 w t  %) ozone 
concentrat ion.  This  apparent  hazard should not  be d is turb ing ,  s ince  
ca l cu la t ions  show t h a t  t h e  t h e o r e t i c a l  s p e c i f i c  impulse  of s y s t e m s  
conta in ing  JP-4 and ozone-f luorine mixtures is a t  a maximum when the 
ox id ize r  cons i s t s  of 30 w t  % ozone i n  f l u o r i n e .  A mixture of t h i s  
composition r e q u i r e s  very few handl ing precaut ions over those 
observed w i t h  100% l i q u i d  f luo r ine .  

Liquid ozone is approximately t en  t i m e s  more viscous than 
f l u o r i n e  a t  -183OC; b u t  even l i q u i d  ozone supercooled a t  -195.8OC 
flows r ead i ly  (4.15 cp) . The v i scos i ty  of t h e  so lu t ions  decreases 
r a p i d l y  a s  f l u o r i n e  is added, and a semilog r e l a t i o n  is appro..imated 
when v i s c o s i t y  is p l o t t e d  a s  a func t ion  of composition a t  -183 and 
-195.8OC. The s u r f a c e  t ens ion  of ozone is approximately three t i m e s  
t h a t  of  f l uo r ine .  

The vapor p r e s s u r e  s t u d i e s  w e r e  s t ra ight forward ,  and t h e  
r e s u l t s  i nd ica t e  noth ing  o u t  of the ordinary when t h e  vapor pressures  
of  t h e  ind iv idua l  components are compared w i t h  those  observed f o r  t h e  
mixtures .  The importance of these tests,  however, l ies i n  the  f a c t  
t h a t  they show the l i q u i d  ozone-fluorine mixtures t o  be  homogeneous 
and no t  subjec t  t o  decomposition a t  t h e  temperatures inves t iga ted .  

i 
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High Energy O x i d i z e r s  i n  S o l u t i o n :  The System F2/NF3/HF 

W . E .  T o l b e r g ,  R .S .  S t r ingham,  M.E. H i l l  

S t a n f o r d  Resea rch  I n s t i t u t e ,  Menlo P a r k ,  C a l i f o r n i a  

I n t r o d u c t i o n  

The system F,/NF,/HF h a s  been s t u d i e d  a s  a n  expe r imen ta l  system i n  which i t  
was though t  p o s s i b l e  t o  o b s e r v e  i n t e r a c t i o n s  l e a d i n g  t o  t h e  f o r m a t i o n  of  h i g h l y  
e n e r g e t i c  i o n i c  s p e c i e s .  The d r i v i n g  f o r c e  for t h e s e  i n t e r a c t i o n s  was expec ted  t o  
c o n s i s t  p r i m a r i l y  of t h e  h i g h l y  exo the rmic  fo rma t ion  of f l u o r i d e  i o n  i n  l i q u i d  HF. 
The s y s t e m  has  been s t u d i e d  e x p e r i m e n t a l l y  th rough  measurements of t h e  s o l u b i l i -  
t i e s  of F , ,  NF,, and m i x t u r e s  of t h e  two i n  l i q u i d  HF, a long  w i t h  nmr and e p r  spec- 
t r a  of t h e s e  components and  t h e i r  m i x t u r e s  and some c o n d u c t i v i t y  measurements on 
NF, i n  HF. 

The i n t e r a c t i o n s  p o s s i b l e  between l i q u i d  HF and NF, or F,/NF, m i x t u r e s  a r e  (1) 
t h e  f o r m a t i o n  of i o n s ,  ( 2 )  t h e  fo rma t ion  of complexes of  NF, and HF,  (3) decompo- 
s i t i o n  of NF,, ( 4 )  f l u o r i n e  exchange r e a c t i o n s  among t h e  t h r e e  components,  and ( 5 )  
f o r m a t i o n  of u n s t a b l e ,  s o l v a t e d  complexes of F, and NF,, t h e s e  b e i n g  p r e c u r s o r s  t o  
i o n  f o r m a t i o n .  

Knowledge of t h e  s o l u t i o n  c h e m i s t r y ,  t h e  nmr and e p r  s p e c t r a ,  and t h e  conduc- 
t i v i t i e s  were used t o  d e t e r m i n e  which of t h e  i n t e r a c t i o n s  occur  and t o  suppor t  
f u r t h e r  expe r imen ta l  work d i r e c t e d  toward t h e  s y n t h e s i s  of i o n i c  compounds from 
t h e s e  o x i d i z e r s .  

R e s u l t s  and D i s c u s s i z  

The i n t e r a c t i o n s  which a r e  p o s s i b l e  a r e  more p robab le  under c e r t a i n  c o n d i t i o n s  
of t e m p e r a t u r e  and p r e s s u r e  t h a n  o t h e r s .  Complex f o r m a t i o n  between HF and NF, i s  
more l i k e l y  a t  t e m p e r a t u r e s  n o t  much above t h e  f r e e z i n g  p o i n t  of HF w h i l e  decompo- 
s i t i o n  of NF, i n  h i g h l y  p u r i f i e d  HF may b e  expected a t  20OoC. 
s o l v a t e d  F,*NF, or F,BNF, complexes fo l lowed  by fo rma t ion  of i o n s  i s  more l i k e l y  
t o  o c c u r ,  i f  a t  a l l ,  a t  ambien t  or h i g h e r  t empera tu res  and p r e s s u r e s .  A l l  of 
t h e s e  i n t e r a c t i o n s  a r e  germane t o  t h e  s t r i c t  i n t e r p r e t a t i o n  of r e s u l t s  from t h e  
s o l u b i l i t y  and o t h e r  measurements .  

The fo rma t ion  of 

S o l u b i l i t y  Measurements.  The s o l u b i l i t i e s  of F, and of NF, i n  HF a r e  shown 
i n  F i g .  1. In  a d d i t i o n ,  t h e  s o l u b i l i t y  behav io r  on a d d i t i o n  of F, t o  a known mix- 
t u r e  of NF, i n  HF i s  shown i n  F i g .  2 .  F o r  p r e s s u r e s  u p  t o  twe lve  atmospheres  and 
a t  2OoC, t h e  i n d i v i d u a l  s o l u b i l i t i e s  a r e  g iven  by p i  = k i n i  where k(NF,) = 1 .02  x 

c m  of Hg.moles HF/mole NF, and k(F,) = 1.84 x 

The l a c k  oi an  i n t e r c e p t  i n d i c a t e s  no a p p r e c i a b l e  compound f o r m a t i o n ,  no 

i n  t h e  same u n i t s .  

s t r o n g  i n t e r a c t i o n  w i t h  t h e  s o l v e n t ,  no r  r e a c t i o n  w i t h  t h e  v e s s e l s .  
show t h a t  F, i s  a b o u t  h a l f  a s  s o l u b l e  a s  NF,. 
from H i l d e b r a n d ' s  i d e a l  s o l u b i l i t i e s .  

The s l o p e s  
T h i s  i s  t h e  o r d e r  t o  b e  expec ted  

The s o l u b i l i t y  b e h a v i o r  i n  t h e  t e r n a r y  system shown i n  F i g .  2 shows t h a t  on 
a d d i t i o n  of F, t o  NF, i n  HF, t h e  F, i s  i n i t i a l l y  f o u r  times more s o l u b l e  t h a n  when 
added t o  p u r e  HF and a b o u t  twice a s  s o l u b l e  a s  NF, i t s e l f .  Subsequen t ly ,  f u r t h e r  
a d d i t i o n  of F, t o  t h e  t e r n a r y  sys t em proceeds a c c o r d i n g  t o  t h e  expec ted  s o l u b i l i t y  
of F, i n  HF a l o n e .  

, 

I 

I 

L ,  

,. 

There  i s ,  t h e r e f o r e ,  a p p a r e n t l y  an i n t e r a c t i o n  between F, and N F 3  i n  HF. 

I t  has  
T h i s  c o n c l u s i o n  i s  based  o n  t h e  s o l u b i l i t y  behav io r  a s  shown i n  F i g .  1 and on t h e  ,- 
l a c k  of a p p a r e n t  i n t e r a c t i o n  between F2 and HF a s  w e l l  a s  NF, and HF. 
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f u r t h e r  been shown t h a t  F, and NF, behave i d e a l l y  i n  t h e  gas  phase and i n  l i q u i d /  
vapor  e q u i l i b r i u m  a t  -196°C. 
f o r m a t i o n  of complexes of F, w i t h  one or t w o  molecu le s  of  NF, a n d ,  p o s s i b l y ,  sub- 
s e q u e n t  f o r m a t i o n  of i o n  p a i r s  such a s  NF,+/F-. 

The a p p a r e n t  i n t e r a c t i o n  c a n  be a t t r i b u t e d  t o  t h e  

S o l u b i l i t i e s  were a l s o  measured i n  Kel-F v e s s e l s  t o  be  used a s  nmr t u b e s .  
I n  t h e s e ,  F, was 15 times more s o l u b l e  t h a n  i n  an  a l l  m e t a l  system. T h i s  was, of  
c o u r s e ,  due t o  i n t e r a c t i o n  of F, w i t h  t h e  Kel-F. A s  w i l l  b e  shown l a t e r ,  no e v i -  
dence  f o r  p roduc t s  of t h i s  i n t e r a c t i o n  have been observed excep t  when decomposi- 
t i o n  of t h e  Kel-F o c c u r s  i n  spon taneous ,  i n c a n d e s c e n t  r e a c t i o n s .  

NMR and EPR S p e c t r a .  NMR s p e c t r a  of t h e  components and m i x t u r e s  of t h e  -- 
system NF,-F,-HF i n  Kel-F, were exp lo red  a s  a p o s s i b l e  means of d e t e c t i n g  new 
s p e c i e s .  
b u t  t h e  HF/F” resonance was broadened s u b s t a n t i a l l y  on a d d i t i o n  of NF, and f u r t h e r  
broadened by a d d i t i o n  of F,. T h i s  r e sonance  also s h i f t e d  w i t h  t e m p e r a t u r e .  The 
l i n e  b roaden ing  was a t t r i b u t e d  t o  chemical  exchange w i t h  t h e  s o l v e n t  b u t  i t  cou ld  
no t  be shown what t h e  HF was exchanging w i t h .  

These s p e c t r a  showed o n l y  t h e  F19 r e sonances  o f  t h e  s t a r t i n g  m a t e r i a l s ,  

Thc l i n e  s h i f t  w i t h  t empera tu re  was shown v i a  e p r  s p e c t r a  t o  b e  due  t o  t h e  
p re sence  of paramagnet ic  s p e c i e s .  These were from a r e a c t i o n  of  F, w i t h  t h e  Kel-F 
and from F, d i s s o l v e d  i n  H F .  The l a t t e r  r e sonance  d i s a p p e a r e d  on a d d i n g  a s  much 
NF, a s  F, and was p r e s e n t  i n  F,/HF m i x t u r e s  and n o t  i n  a n y  of t h e  components a l o n e .  
I t  was t h e r e f o r e  e v i d e n t l y  no t  r e l a t e d  t o  a paramagnet ic  e n t i t y  i n v o l v i n g  NF,. 

Thus b o t h  nmr and e p r  s t u d i e s  gave no d i r e c t  ev idence  f o r  t h e  p re sence  of new 
NF s p e c i e s  a l t h o u g h  i t  appea red  t h a t  t h e  NF, nmr l i n e  d imin i shed  a p p r e c i a b l y  on 
add ing  F, a n d ,  c o n v e r s e l y ,  t h e  F, l i n e  d imin i shed  on add ing  NF,. A t  t h e  concen t r a -  
t i o n s  a t t a i n a b l e ,  t h e  nmr i s  n o t  s u f f i c i e n t l y  s e n s i t i v e  w h i l e  t h e  e p r ,  though sen-  
s i t i v e ,  i s  most e f f e c t i v e  a t  t e m p e r a t u r e s  a t  which HF is s o l i d .  A t  t h e  s o l i d  
t r a n s i t i o n ,  t h e  HF is ou t -gased ,  and i t  i s  p robab le  t h a t ,  i f  p r e s e n t ,  l i t t l e  F,/N’F, 
adduc t  would be t r a p p e d  i n  t h e  s o l i d .  

C o n d u c t i v i t y  Measurements. These were c a r r i e d  o u t  o n l y  on t h e  NF,/HF s y s t e m .  
The c o n d u c t i v i t y  of t h e  NF, i n  HF was n o t  g r e a t e r  t h a n  t h a t  of t h e  HF a l o n e .  T h i s  
was 3 x lO-’/ohn c m  a t  0°C. 
mated t o  be  and is  p robab ly  much lower s i n c e  t h i s  i m p l i e s  a d e g r e e  of i o n i z a -  
t i o n  of lo-,. 
p a r e d .  

Experimental  

The upper  l i m i t  f o r  t h e  i o n i z a t i o n  of NF, was e s t i -  

I f  t h i s  were t r u e ,  i o n i c  d e r i v a t i v e s  of  NF,’ would b e  e a s i l y  pre-  

Appara tus .  
and/or  monel t u b i n g ,  v e s s e l s  and be l lows  v a l v e s .  
nmr and e p r  t u b e s  were of Kel-F p l a s t i c .  
or h e l i a r c  welded. 
t a p e .  There were no l e a k s  d e t e c t a b l e  by  means of a hel ium l e a k  d e t e c t o r .  P re s -  
s u r e s  were measured w i t h  Wal l ace  and T i e r n a n  gauges equipped w i t h  r e s i s t a n t  metal  
c a p s u l e s .  Thermocouple gauges were used t o  monitor  low p r e s s u r e s  i n  t h e  vacuum 
sys t em b u t  were i s o l a t e d  from t h e  system t o  p r e v e n t  d e s t r u c t i o n  of t h e  gauge by 
F, and HF con tamina t ion  of t h e  system by r e a c t i o n  p r o d u c t s .  
s i v a t e d  w i t h  r e s p e c t  t o  F, and HF a f t e r  any  exposure  t o  t h e  a tmosphe re .  

The vacuum systems used i n  t h i s  work were assembled from copper 
Valve g a s k e t s ,  c o n d u c t i v i t y  ce l l s ,  

A l l  permanent j o i n t s  w e r e  s i l v e r  s o l d e r e d  
Demountable j o i n t s  were Q i n c h  p i p e  f i t t i n g s  s e a l e d  w i t h  T e f l o n  

The systems were pas- 

M a t e r i a l s .  
p l a s t i c  column. 
vacuum sys t em was 10-4/ohm-cm o r  l ess .  

Anhydrous HF was p repa red  by d i s t i l l a t i o n  th rough  an 80 p l a t e  
I t s  s p e c i f i c  c o n d u c t i v i t y  b e f o r e  exposure  t o  m e t a l  p a r t s  of t h e  

F l u o r i n e ,  which c o n t a i n s  abou t  2% i m p u r i t i e s  composed mainly of a i r ,  HF, CO,, 
and CF,, was p u r i f i e d  i n  two s t e p s .  The less v o l a t i l e  i m p u r i t i e s  were f r o z e n  o u t  
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a t  a b o u t  -187OC i n  a me ta l  t r a p  cha rged  w i t h  t h e  d e s i r e d  q u a n t i t y  of t h e  g a s .  
was removed by e x t r a c t i n g  t h e  s u p e r n a t a n t  g a s e s  above t h e  l i q u i d  condensed i n  a 
c o l d  f i n g e r  a t  -196OC. 

A i r  

N i t rogen  t r i f l u o r i d e  was o b t a i n e d  i n  99.9% p u r i t y  from A i r  P r o d u c t s  and 
Chemica l s ,  I n c . ,  and used w i t h o u t  f u r t h e r  p u r i f i c a t i o n  f o r  s o l u b i l i t y  s t u d i e s  bu t  
was pas sed  through l i q u i d  HF a t  -80°C, condensed and pumped on a t  -196OC f o r  u se  
i n  c o n d u c t i v i t y  s t u d i e s .  

S o l u b i l i t y  Measurements.  S o l u b i l i t i e s  were determined i n  t h e  a p p a r a t u s  shown 
i n  F i g .  2 .  
p r e s s u r e  v e s s e l ,  V s ,  and ,  s u c c e s s i v e l y ,  q u a n t i t i e s  of NF, (PVm) were condensed 
q u a n t i t a t i v e l y  i n t o  t h e  v e s s e l  c o o l e d  t o  -196OC. 
0 .0  mm and t h e  v a l v e  on t h e  monel vesse l  was c l o s e d .  The v e s s e l  and i t s  c o n t e n t s  
were a l lowed  t o  e q u i l l i b r a t e  a t  20°C i n  a w a t e r  b a t h .  
n e t i c a l l y .  The m i x t u r e  of HF and NF, gases  was a d m i t t e d  t o  V m ,  and t h e  system, V s  
and Vm, was al lowed t o  r e a c h  e q u i l i b r i u m  a t  P 

For t h e  s y s t e m  NF,/HF, 5 0  gm of HF were charged i n t o  t h e  450 m l  monel 

The r e s u l t i n g  p r e s s u r e  i n  Vm was 

The HF was s t i r r e d  mag- 

f '  

For t h e  F,/HF sys t em,  t h e  p rocedure  was t h e  same except  t h a t  F, was t r a n s -  
f e r r e d  q u a n t i t a t i v e l y  a t  a b o u t  55'K w i t h  t h e  a i d  of a s o l i d  n i t r o g e n / l i q u i d  oxygen 
b a t h .  S o l i d  n i t r o g e n  was p r e p a r e d  by pumping on t h e  dewar,  f i l l e d  w i t h  l i q u i d  
n i t r o g e n  and c o o l i n g  t h e  450 cc p r e s s u r e  v e s s e l .  Subsequen t ly ,  t h e  s o l i d  n i t r o g e n  
subl imed away from t h e  v e s s e l  and l i q u i d  oxygen was added t o  m a i n t a i n  e f f i c i e n t  
h e a t  t r a n s f e r  from the v e s s e l  t o  t h e  s o l i d  n i t r o g e n .  

F o r  t h e  F,/NF,/HF sys t em,  t h e  behav io r  was observed two ways. 

Second ly ,  s u c c e s s i v e  q u a n t i t i e s  of NF, w e r e  added t o  a known F,/HF system. 

I n  a d d i t i o n ,  t h e  c o m p o s i t i o n  of t h e  m i x t u r e  of g a s e s  above t h e  l i q u i d  phase 
was de t e rmined .  HF was s e p a r a t e d  from F, and IiF, and its p r e s s u r e  was measured. 
F, and NF, were de te rmined  from t h e i r  t o t a l  p r e s s u r e  b o t h  a t  room t empera tu re  and 
a t  l i q u i d  n i t r o g e n  t empera tu re  where t h e y  behave a s  a n  i d e a l  s o l u t i o n .  Temperature  
c o n t r o l  was ach ieved  by means of  a n i t r o g e n  thermometer .  

S u c c e s s i v e  
q u a n t i t i e s  of F, were added t o  t h e  v e s s e l  c o n t a i n i n g  a known q u a n t i t y  of NF, and 
HF. 

NMR S p e c t r a .  NMR s p e c t r a  of  components and m i x t u r e s  were o b t a i n e d  i n  Kel-F 
t u b e s  of  two t y p e s .  S p i n n a b l e  t u b e s  were made by h e a t  s e a l i n g  b o t h  ends of a t u b e  
machined t o  resemble s t a n d a r d  200 m l  g l a s s  t u b e s .  Tubes t o  which components were 
added s u c c e s s i v e l y  i n  o r d e r  t o  o b s e r v e  changes i n  s p e c t r a  were made from 3 i n c h  
rod  and equipped w i t h  a v a l v e .  A Varian A-60 Spec t romete r  was used .  

EPR Spec t r a  of  components and  mix tu res  were o b t a i n e d  i n  Kel-F c a p i l l a r i e s  
drawn from a i nch  t u b i n g .  S p e c t r a  were obse rved  a t  t empera tu res  down t o  -190OC. 

Conduc t iv i ty  S t u d i e s  were c a r r i e d  o u t  i n  a n  a l l  Kel-F vacuum system and con- 
The ce l l  c o n s t a n t  was .03/cm determined d u c t i v i t y  ce l l  w i t h  p l a t i n u m  e l e c t r o d e s .  

by c a l i b r a t i o n  w i t h  KC1 s o l u t i o n s  a t  i c e  t e m p e r a t u r e .  

Conc lus ions  

The e x i s t e n c e  o f  t h e  i n t e r a c t i o n s  j u s t i f i e d  some s p e c u l a t i o n  on i t s  n a t u r e .  
The re  a r e  t h r e e  r e a c t i o n s  of i n t e r e s t  which cou ld  occur  i n  t h i s  s y s t e m :  

HF + -  i .  NF,-NF, F 

HF + -  
2 .  NF, + lF,+ NF, F 

HF 3 .  m, f F,---+NF,+ + F 
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None of t h e s e  v i o l a t e  va l ence  r u l e s  bu t  t h e  e x t e n t  of r e a c t i o n  (1) is sma l l  from 
i t s  c o n d u c t i v i t y  w h i l e  ( 2 )  and ( 3 )  may ve ry  w e l l  proceed th rough  t h e  proposed un-  
s t a b l e  F,-NF, and F,.2NF, complexes.  I t  is p lanned  t o  d e t e r m i n e  whether  any i o n s  
of i n t e r e s t  can be  d e r i v e d  from t h i s  s y s t e m  by a d d i t i o n  of SbF, i n  o r d e r  to  o b t a i n  
a s o l i d  d e r i v a t i v e .  
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4 COMBUSTION CHARACTERISTICS O F  SELECTED LIQUID PROPELLANTS 

S. D. Rosenberg ,  F. E. Mi l l e r ,  and  J. M. Robinson 
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ABSTRACT I‘ 

1 

; The propellant development and combustion research reported herein have as t h e i r  
I 

ul t imate  objec t ive  the  development of l i qu id  b ipropel lan t  systems which have a theoreti-  
t 
1 
I 

c a l  s p e c i f i c  impulse g r e a t e r  than 315 sec  (mobile equilibrium, Pc/Pe = 1000/14.7 ps i a ) ,  

The ign i t ion  c h a r a c t e r i s t i c s  of four  b ipropel lan t  sys t em were determined with the , 

Aerojet Ign i t i on  Delay Device. 
i 

4 

The combustion c h a r a c t e r i s t i c s  of one NF-system were determined with the  Aerojet 

Liquid-Liquid Combustor. 

a t  the nominal 400-lb t h r u s t  l eve l  (Pc/P, = 500/14.7 p s i a ) ,  and a t  t h e  nominal 5000-lb 

th rus t  l eve l  (Pc/Pe = 400/14.7 ps i a ) .  

The performance c h a r a c t e r i s t i c s  of t h i s  system was determined ‘ 
/ 

I( 

! 
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CRUCIAL PRESSURE INDEX FOR NITROGLYCERINE SENSITIVITY 

Ted A. Erikson 

I I T  Research I n s t i t u t e  
Chicago 16, I l l i n o i s  

INTRODUCTION 

The vapor p r e s s u r e  of n i t r o g l y c e r i n e  can be  v a r i e d  by apply- 
i n g  a r e l a t i v e l y  moderate h y d r o s t a t i c  pressure a t  a c o n s t a n t  
temperature. I n  an i d e a l  and ove r s impl i f i ed  approximation, t h e  
vapor p r e s s u r e  i s  shown t o  approach one value t h a t  is designated 
he re  as a c r u c i a l  p re s su re .  The ex i s t ence  of any such p r e s s u r e  
implies  a n  enhanced v o l a t i l i t y .  W i t h  i nc reased  v o l a t i l i t y ,  
vapor i za t ion  s t e p s  t h a t  are a f f e c t e d  can b e  so  f a s t  that  even a 
high-veloci ty  detonat ion can be supported i n  the vapor phase.  

Although such r e s u l t s  are only q u a l i t i t a t i v e ,  the impl i ca t ion  
t h a t  vapor pressures a r e  profoundly a f f e c t e d  by h y d r o s t a t i c  
p re s su res  is v e r i f i e d  by both ' theory and experiment ( r e f .  1,2). 
This r o l e  of h y d r o s t a t i c  p r e s s u r e s  i n  the  explosive decomposition 
of p r o p e l l a n t s  and explosives  h a s  not  been considered. 

BACKGROUND DI  S CUS S I 0 N 

The increased v o l a t i l i t y  of a condensed phase under h y d r o s t a t i c  
p r e s s u r e  was noted as e a r l y  a s  1881 ( r e f .  1). This e f f e c t  has been 
s t u d i e d  and confirmed by many i n v e s t i g a t o r s ,  and a survey of  t he  
s u b j e c t  i s  a v a i l a b l e  ( r e f .  2). T h e  e f f e c t s  of h y d r o s t a t i c  pressure 
a r e  gene ra l ly  descr ibed as t h e  sum of two independent f a c t o r s ,  
namely, enhancement of t h e  vapor p r e s s u r e  of t h e  condensed phase 
and e f f e c t s  of intermolecular  f o r c e s  between gas-vapor molecules 
The phenomena are comparable t o  osmosis i n  which s o l u t i o n  p res su res  
g r e a t e r  than t h a t  of t h e  pu re  s o l v e n t  are generated and maintained 
i n  a n  equi l ibr ium s i t u a t i o n .  An i l l u s t r a t i o n  of t h e  scheme i s  given 
i n  Figure 1. 

For t h e  purpose of t h i s  paper, t h e  e f f e c t  of intermolecular  
f o r c e s  can be ignored. The enhancement of the vapor p r e s s u r e  can 
then be  evaluated d i r e c t l y  by equat ing t h e  chemical p o t e n t i a l  changes 
of t h e  l i q u i d  and the vapor, r e s p e c t i v e l y ,  which a r e  inf luenced by 
t h e  h y d r o s t a t i c  p re s su re ,  T.  Thus, a t  cons t an t  temperature ,  T ,  

AGL = !; VL dP = AGg = Jzo f (P) dP 

where G and V are molal f r e e  ene rg ie s  and volumes, r e s p e c t i v e l y ,  P 
is  t h e  p r e s s u r e ,  f ( P )  is  an a p p r o p r i a t e  equat ion of s t a t e ,  the 
s u b s c r i p t s  L and g r e f e r  t o  t h e  l i q u i d  and vapor,  r e s p e c t i v e l y ,  and 
t h e  s u p e r s c r i p t  r e f e r s  t o  t h e  pure sys.tem. 
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The  l i q u i d  i s  gene ra l ly  assumed t o  b e  impermeable t o ,  and 
incompressible by, t h e  p r e s s u r i z i n g  medium s i n c e  these  r e s t r u c t i o n s  
a l low t h e  d i r e c t  e v a l u a t i o n  of t h e  f i r s t  i n t e g r a l ,  A f a i r  
approximation t o  t h e  second i n t e g r a l  is obtained by a v . i r i a1  
equat ion f o r  the vapor of t h e  form RT/P + B ,  where B i s  t h e  second 
v i r i a l  c o e f f i c i e n t  ( r e f .  3 ) .  The r e s u l t s  of both i n t e g r a t i o n s  a r e  
equated and rearranged i n  t h e  fol lowing form: 

v7T + 

+ P O ( V  + B )  - 
R T  RT RT P + P O e  

This equat ion r e l a t e s  t h e  vapor p r e s s u r e  of a condensed phase i n  a 
manner t h a t  is  independent of intermolecular  f o r c e s  . I t  suggests 
as a f i r s t  approximation t h e  exponent ia l  dependency of t h e  vapor 
pressure with the  e x t e r n a l  pressure.  

From the s t andpo in t  of chemical :rinetic.c “,he r s t n s  of 
vapor i za t ion  and condensation must be equal a t  equi l ibr ium, 
Condensation r a t e s  a r e  p r o p o r t i o n a l  t o  t h e  p r e s s u r e  and a maximum 
r a t e  is  p r e d i c t e d  from t h e  k i n e t i c  theory ( r e f .  3 )  a s  

h = 1/(2 7~ M RT)  -1/2 p ( 3 )  

where h i s  t h e  c o l l i s i o n  frequency i n  moles p e r  u n i t  a r ea  per  u n i t  
time. Hence, t h e  maximum r a t e  o f  vapor i za t ion  is  p r e d i c t e d  b y  
Equation 3 ,  and, s u b j e c t  t o  some o v e r s i m p l i f i c a t i o n ,  t he  enhanced 
vapor p r e s s u r e  of Equation 2 l eads  t o  a n  enhanced vapor i za t ion  r a t e .  

A PPLI CAT1 0 N 

T h e  purpose of t h i s  paper is  simply t o  c a l l  a t t e n t i o n  t o  t h e  
s i g n i f i c a n c e  of t h e  f a c t  t h a t  the vapor p r e s s u r e  of a l i q u i d  can be 
a f f e c t e d  by the  a p p l i c a t i o n  of a h y d r o s t a t i c  p r e s s u r e  a t  a constant  
temperature.  Explosive s e n s i t i v i t y  and i n i t i a t i o n  a r e  usua l ly  
i n t e r p r e t e d  on the b a s i s  of a t  l e a s t t w o  mechanisms t h a t  may o r  may 
no t  be independent,  namely, vapor i za t ion  and r e a c t i o n .  I n  the  case 
of a compound f o r  w h i c h  vapor i za t ion  is a r a t e - c o n t r o l l i n g  step 
( i , e . ,  by a r e q u i r e d  supply of r e a c t a n t  t o  support  t h e  r e a c t i o n  i n  

exp los ive  s e n s i t i v i t y  can be  based on a de f ined  ease of v o l a t i l i t y .  
. t h e  vapor p h a s e ) ,  it s e e m s  l i k e l y  that a t h e o r e t i c a l  index t o  

Equation 2 p r e d i c t s  t h e  manner i n  which the vapor pressure of 
a l i q u i d  can i n c r e a s e  w i t h  the a p p l i c a t i o n  of a h y d r o s t a t i c  
pressure. Under t h e  r e s t r i c t i o n s  t h a t  

B = 0 and VTT b> Po (V + B )  

( i . e . ,  an i d e a l  gas)  a c o n d i t i o n  is i n d i c a t e d  i n  which t h e  new vapor 
p r e s s u r e  of the l i q u i d  can i n  p r i n c i p l e  approach the value of t h e  
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a p p l i e d  h y d r o s t a t i c  p re s su re .  Although it i s  obvious t h a t  such an 
i n t e r p r e t a t i o n  of t h e  s t a t e  of a f f a i r s  is  lim.ited,  i t  is 
informative t o  c a l c u l a t e  such v a r i a t i o n s  i n  t h e  vapor p r e s s u r e  up 
t o  the  l i m i t i n g  p res su re ,  which i s  designated he re  as a c r u c i a l  
p re s su re  f o r  a ma te r i a l  such a s  n i t r o g l y c e r i n e ,  T h e s e  va lues  Of 
t he  vapor p r e s s u r e  are converted t o  maximum v o l a t i l i t i e s  by t h e  
k i n e t i c  theory approximation of Equation 3. 

DISCUSSION 

Several  s i m p l i f i c a t i o n s  t h a t  have been introduced make the  
r e s u l t s  l i s t e d  i n  Table 1 appear q u i t e  i napp l i cab le  t o  t h e  r e a l  
s i t u a t i o n .  However, t h e  imp l i ca t ions  of such an a n a l y s i s  persist ,  
namely, t h a t  an increased v o l a t i l i t y  of n i t r o g l y c e r i n e  a t  cons t an t  
temperature can occur by the a p p l i c a t i o n  of a h y d r o s t a t i c  p re s su re .  

Table 1 shows t h a t  q u i t e  moderate p r e s s u r e  w i l l  i n c r e a s e  t h e  
v o l a t i l i t y  t o  r a t e s  near detonat ion.  The product  .of molecular 
dens i ty  and low and high-veloci ty  detonat ion rates (approximately 
2000 and 8000 m/sec ( r e f .  4 1 ,  r e s p e c t i v e l y )  g ive  est imates  of 
s p e c i f i c  consumption r a t e s  of 1410 and 5640 moles/cm2-sec, 
r e spec t ive ly .  P r e s s u r e s  of less than 4 k i l o b a r s  can gene ra t e  
such vapor i za t ion  rates. For comparison, t h e  p re s su res  t h a t  e x i s t  
i n  propagating shock f r o n t s  are i n  t h e  range of 5 t o  100 k i l o b a r s  
( r e f .  5 ) ;  t h e  va lue  of 40 k i l o b a r s  has  been.quoted f o r  
n i t r o g l y c e r i n e  ( r e f -  6 ) .  With such p r e s s u r e s  a v a i l a b l e  i t  does 
s e e m  d e s i r a b l e  t o  in t roduce  t h e  concept of a c r u c i a l  p r e s s u r e ,  
s i n c e  the ease  of v o l a t i . l i t y  has  been enhanced so much t h a t  it i s  
unnecessary t o  consider  vapor i za t ion  a s  a r a t e - l i m i t i n g  step i n  
t h e  process .  Thus, t h i s  e f f e c t  can act  i n  a cascade f a sh ion  -- 
where increased p r e s s u r e  causes f a s t e r  r e a c t a n t  supply by 
vapor i za t ion ,  exothermic r e a c t i o n  causes more p re s su re  (because 
of temperature rises and gene ra l ly  more product  moles per r e a c t a n t  
mole) ,  ad  in f in i tum.  

The c r u c i a l  pressure,  when c a l c u l a t e d  w i t h  a n  a p p r o p r i a t e  
approximation can be  an index t o  t h e  explosive s e n s i t i v i t y  of a 
ma te r i a l  when t h e  i n i t i a t i o n  process  is  r a t e - c o n t r o l l e d  by 
vaporizat ion.  

O f  course,  i t  should be recognized t h a t  i t  i s  not t h e  pressure 
alone that  is c r u c i a l ,  s i n c e  t h e  causes of t h i s  e f f e c t  a r e  t h e  
intermolecular  f o r c e s  t h a t  are involved i n  s o l u t i o n s  For example, 
although r e c e n t  r e s u l t s  ( r e f .  7 )  r e p o r t  a hundredfold i n c r e a s e  i n  
t h e  vapor p r e s s u r e  of napthalene i n  argon f o r  a h y d r o s t a t i c  
p r e s s u r e  of only 200 b a r s  a t  22OC, b u t  a twofold decrease is 
repor t ed  f o r  a comparable s i t u a t i o n  i n  helium. 
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Table 1 

HYDROSTATIC PRESSURE EFFECTS ON NITROGLYCERINE 

Hydrostat ic  Vaporization rate,  P r e s s u r e ,  T T ,  Vapor P res su re  of 
ba r s  N i  t r o q l y c e r  i n e  , bars mol es/cm2-s ec 

0 0.00000068 0.000000115 
68 0.00000100 0.000000169 
341 0,00000494 0.000000839 
680 
1020 

0.0000347 
0 a 000248 

1360 0 00166 
1730 0.015 
3470 3 30 
3610 806 
3850 2980 
3920 3920 

0.00000588 
0 0000420 

0.000282 
0 00254 
55.8 

1410* 
.5640* 

* 
Vaporization raEe r e q u i r e d  t o  maintain consumption 
r a t e  of low- and high-veloci ty  de tona t ions ,  2000 ??d 
SZ33 m/sec, r c s p e c t i v e l y  ( r e f .  4) i n  n i t r o g l y c e r i n e ,  
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c 
\ INTRODUCTION 
\ 

Because of the importance of knowing w h a t  mechanical shocks a '' l i qu id  explosive w i l l  withstand, w h a t  the r e l a t ive  order of sens i t i v i ty  
2 i s  f o r  d i f f e ren t  l i qu id  explosives and monopropellants, and how effec- 
A t i v e  a re  those addi t ives  considered desensi t izers ,  much work has gone 
i, 

i n t o  the development of standard methods f o r  determination of impact 
, sens i t iv i ty .  S ta r t ing  with Bowden and Yoffe's adiabat ic  compression -, hypothesis ( l ) ,  a method and apparatus, the Olin-Mathieson ( 0 - M )  Drop 

Weight Tester, were developed by a committee (2) .  I n  the course of 
invest igat ing the e f f e c t  of desens i t izers  on ni t roglycer in  (3) ,  the 

i\ authors introduced ce r t a in  s ign i f icant  modifications i n  the  0 - M  Tester. 
\, The published r e s u l t s  of that  inves t iga t ion  describe the instrumented 
\ drop weight apparatus i n  possibly in su f f i c i en t  de t a i l .  The modification 
> does not a f f ec t  the measured values of impact s e n s i t i v i t y  of nitrogly- ' cer in  solut ions (comparing data obtained on the same apparatus p r io r  t o  
) incorporation of instrumentation), and a f u l l e r  descr ipt ion of the 
l apparatus may be useful  t o  other  workers. I n  addition, f u r t h e r  work 
(- has revealed ce r t a in  in t e re s t ing  phenomena r e l a t i v e  t o  the measurement ' of impact sens i t iv i ty ,  which w i l l  be discussed here. 
> 
% APPARATUS 

The or ig ina l  0-M apparatuh has been adequately described (2).  
modifications which permit determination of pressurizat ion rate, maxi- 
mum pressure, and impulse due t o  impact have been b r i e f l y  described ( 3 ) .  
The p i s ton  type pressure gauge ha8 now been ca l ibra ted  over the range of 
1 t o  6800 a t m .  A photograph of the gauge is shown i n  F i g .  1. 
machined from a s ingle  piece of metal and cons is t s  of a pis ton,  column, 
and a threaded base which serves t o  anchor the gauge f i rmly t o  the sample 
cup assembly. The sensing elements are Baldwin s t r a i n  gages (w PAB 
12-12) which are  bonded t o  the surface of the column with an adhesive; 
they ape protected w i t h  a c lo th  covering. The s t r a i n  of the column i s  
d i r ec t ly  proportional t o  the  applied pressure. Cal ibrat ion with a 
Tinius Olsen dead weight tester showed the response of the pressure 
gauge t o  be l i nea r  over the e n t i r e  range. Placing the two s t r a i n  gauges 
on opposite faces  of the pressure gauge compensates f o r  any bending of 
the column. 

A l i n e  f i l ter  removes any extraneous s ignals  generated from other 
e l e c t r i c a l  equipment i n  the area. The 3-conductor, shielded cable from 
the gauge t o  the Wheatstone bridge (Pig. 2 )  i s  about 6 feet long. 
Type D Tektronix plug-ins are used i n  t h e i r  d i f f e r e n t i a l  mode w i t h  the 
oscil loscopes.  The bridge i s  balanced by means of variable  res is tance 
R2. This i s  done very accurately by means of a Leeds and Northrup 
potentiometer or a ca l ibra ted  galvanometer. Alternatively,  i t  can be 
done ( l e s s  accurately) by changing the input setting from AC t o  DC a t  
the oscil loscope u n t i l  there i s  no def lec t ion  of the  beam when switching 
from AC t o  DC. 

The 

It i s  
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The sample cup i s  then precompressed by means of a spanner Wrench, 
The resis tance change of the  s t r a i n  elements unbalances the bridge 
current,  providing a def lec t ion  of the potentiometer, galvanometer, or  
oscil loscope beam. The same e l e c t r i c a l  equipment was used i n  cal lbrat-  
i n g  the gauge. I n  t h i s  manner, an accurate measure of i n i t i a l  precom- 
pression and pressure versus t i m e  during impact and explosion i s  
obtained. Temperature compensation i s  not a prime consideration i n  
these tests. Heat conduction during the t e s t  cannot a f f ec t  the gauge 
elements because of the short  duration of the  t e s t .  

with the more sens i t i ve  galvanometer o r  potentiometer; the higher 
pressures  due t o  impact and explosion a re  read aa a function of time on 
the oscillograph. The f a l l i n g  weight t r i gge r s  the oscil loscope sweep 
when it contacts t he  b a l l  and p is ton  of the sample cup assembly. 
i s  a block diagram of the  apparatus. 

An instrumented drop weight apparatus has a l so  been described by 
G r i f f i n  (4) .  
Pressure from the  impacted sample cup i s  transmitted through a system of 
p i s tons  w i t h  O-rings and hydraulic f l u i d  t o  a transducer. Considerable 
f r i c t i o n a l  losses  and binding occur i n  t h i s  system. Substant ia l  energy 
lo s ses  were noted by Gr i f f in ,  who found t h a t  much g rea t e r  impact energies 
were required for i n i t i a t i o n  of explosives i n  N s  instrumented apparatus 
as compared t o  the uninstrumented apparatus. Such def ic ienc ies  do not 
e x i s t  i n  the apparatus described i n  t h i s  paper". 

The pressure developed i n  the ini t ia l  pre-compression i s  measured 

Fig. 4 

It contains  the standard sample holder components. 

RESULTS AND DISCUSSION 

The e a r l i e r  paper (3) reported r e s u l t s  obtained by use of the 
instrumented drop weight apparatus. Impact pressure, rate of pressuri-  
zation, i gn i t i on  delay time, and pressure-time re la t ionships  during 
explosion were determined as a function of concentration of desensi t izers  
i n  ni t roglycer in .  The data helped t o  explain the  d i f f i c u l t y  i n  ge t t ing  
reproducible t e s t  r e s u l t s  on l i qu id  explosives when the impacting weight 
i s  small; i t  was found that excessive pressure o s c i l l a t i o n  occurred 
during impact when a 1 kg weight was used. The osci l lographic  data a l so  
threw-llght on a number of phenomena associated with impact tes t ing,  e.&, 
the e f f ec t  of in@acting weight and of drop height on the e f f ic iency  of 
conversion of momentum t o  impulse delivered t o  the sample and a l so  on 
the pressur iza t ion  rate of the sample. It was concluded tha t ,  i n  order 
t o  eliminate differences i n  r a t e  of impact pressurization, weights 
should be dropped from a constant height, a s  f a r  as pract icable ,  so t h a t  ' 
var i a t ion  I n  the energy delivered is  obtained by varying the weight only. 
The paper reported the increases  i n  i n i t i a t i o n  delay time, i n  deflagra- , t i o n  rate, i n  impulse del ivered t o  the sample, and i n  impact weight 
required f o r  5C$ probabi l i ty  of i n i t i a t i o n  as a function of increasing 
desens i t izer  concentration. No difference was detected i n  effect iveness  4 

of the common desens i t izers ,  t r i ace t in ,  dibutylphthalate,  and dimethyl- 
phthalate.  A p l o t  of Impact weight a t  the 50$ point versus desensi t izer  
concentration showed a much lower slope f o r  th? region 0-1& desensi t izer  
(by weight) t h a n  f o r  l6-3@. A "memory e f f e c t  was found, i.e., repeat- 
ing the drop t e s t  w i t h  the same weight and height on a sample which had 
previously f a i l e d  t o  I g n i t e a t  or near the 5@ point resul ted i n  a posi- 
t i v e  test every time. 

I 

1 

/ 

* Credi t  i s  due Mr. H. Cleaver of th i s  Laboratory for development of .L 

the instrumentation. 
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We have now found tha t  a p lo t  of peak impact pressure ( ra ther  than 
impacting weight ) versus desens i t izer  concentration g ives  a continuous , 
nearly l i n e a r  re la t ionship.  Fig. 4 i s  a p lo t  of peak impact pressure 
versus impacting weight from a height of 1 cm. Fig. 5 is  the p lo t  of 
peak impact pressure versus desens i t izer  concentration. These data were 
obtained, using samples pre-compressed by the  technique specif ied i n  the 
standard procedure (2), i.e., by t ightening the sample assembly cap with 
a torque wrench t o  a reading of 7 inch-pounds. This procedure w e  have 
found t o  g ive  an ini t ia l  pressure (before impact) of 18.5 :t: 2 atm. 

In  order t o  get better reproducibi l i ty  of i n i t i a l  pressure, we have 
changed the pre-compression technique, using a spanner wrench and con- 
t r o l l i n g  pressurizat ion by readlng the galvanometer o r  potentiometer. 
T h i s  i s  of some importance i n  obtalning reproducible data, f o r  i t  has 
been.shown (5) that the percent of impacts which r e s u l t  i n  explosion i s  
decreased when Initial pressure i s  increased. W e  have a l so  found tha t  
the r a t i o  of peak impact pressure t o  i n i t i a l  (pre-compressed) pressure 
i s  a most s ign i f icant  f ac to r  i n  determining probabi l i ty  of explosion of 
nit roglycer in .  This i s  consis tent  with quasi-adiabatic compression as 
a mechanism of in i t i a t ion .  Fig. 6 shows probabi l i ty  of  explosion as a 
funct ion of compression r a t i o  f o r  ni t roglycer in  impacted from a height 
of 1 cm with varying weights, using pre-compression t o  various i n i t i a l  
pressures. The measurements of probabi l i ty  of explosion i n  Fig. 6 are 
rather crudely performed (from a s t a t i s t i c i a n ' s  viewpoint); f o r  each 
point,  t en  n i t roglycer in  samples were prepared, the sample cups pre- 
compressed t o  iden t i ca l  i n i t i a l  pressures, the same weight dropped on 
each sa.mple, and the number of pos i t ive  t e s t s  recorded. Although the 
l i m i t  of precis ion of each impact pressure reading i s  estimated at f 3 
t o  * 5$, a cor re la t ion  between compression r a t i o  and probabi l i ty  of 
explosion i s  apparent . 

The "memory e f f ec t "  we had noted i n  the earlier paper has been 
found t o  be due t o  the f a c t  tha t  pressurizat ion within the sample cup i s  
decreased following an impact which does not produce explosion. Twenty 
samples i n i t i a l l y  pressurized t o  18.5 a t m  were found t o  average 12.0 a t m  
a f t e r  impact without explosion; the loss  i s  presumably leakage from the  
sample cup. On subsequent Impact of the  same sample cup with the same 
weight, the pressure r a t i o  i s  subs tan t ia l ly  higher and explosion resu l t s .  

A s ign i f icant  conclusion from the data on the importance of com- 
pression r a t i o  i n  i n i t i a t i n g  explosion of ni t roglycer in  i s  that the 
processing o r  handling of l i qu id  explosives and monopropellants under 
reduced pressure introduces a hazard by sens i t iz ing  t h e  l i q u i d  t o  weak 
impacts. 
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I 

pig. 1 - Pressure Gauge 

Rl =R, 
Ra =Et 
E= 6 

Fig. 2 - midge Circuit 
4 2 0  Ohm Resistor; R,=100 Ohm 10 Turn Resistor; 4 =lo  Ohm Resistor; C=Si@;nal Output to Oscilloscope 1 
Volt Power Supply; WEalance Control; T=To NOL 
Gauge: 

B= Zero Balance Checkpoint To 

, 

- 
A 

F i g .  3 - Instmentat ion on Drop Weight Apparatus 
A=Brldge; E=22 Volt Battery; H=Drop Weight Hammer; 
I=Assembly Containing Sample Cup and NOL Gauge; 
CtOscllloscopes 
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F i g .  5 

0 *G 

0 NQ/Trlacetin 

@ NQ/Dlbutylphthalate 
~Nff/DImethylphthalate 

Weight $ Desensitizer 
- Impact preeaure neceasary to  cause explosion (50$ point) of 

NQ solutions when impacted from a height of 1 cm with varying 

2 4 6 
Weight (m) 

F i g .  4 - Peak pressure due to  impacting weight from a height of 1 cm 



k 
p1 14 16 18  20 22 24 26 28 30 

Compression Ratio 

Flg. 6 - Probability of ignit ion vs. compression 
r a t i o  fo r  NO impacted from a height of 
1 cm. with varying weights, using pre- 
compression t o  various i n i t i a l  pressures 

Weight I n i t i a l  Pressure 
A>--- C a t m ) - - - - -  _--__-- 

A 
B 
C 
D 
E 
F 
c 
H 
I 
J 
K 
L 
M 
N 

4.8 
2.3 
2.8 
4.8 

51.2 
37.6 

38. 
18.5 
25.6 

38. 
18.5 
18.5 
27.8 
32.0 
18.5 
18.5 

36.2 

18.2 
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ISOTOPIC W.C&INGE REACTIONS OF DII?LUOR;\MINE KITH 
DEUI'IBIUM OXIDE AND TRIFLUOROACLTIC ACID 

i rnr ren  2 .  Bcckcr and Fred J. Impastoto 
Ethyl  Corpora t ion ,  Baton Rouge, L a .  

The i s o t o p i c  exchange o f  hydrogen between H X F Z  and 

D20 was fo l lowed by NMR us ing  d e u t e r a t e d  t e t r ahydro fu ran -d8  

e s  s o l v e n t .  The growth of the H z 0  peak was fo l lowed by  NMR 

a d  t n e  f r a c t i o n  of exchange F a t  time t was c a l c u l a t e d  by 

c l v l d i n g  t h e  area of the H 2 0  peak a t  time t by t h e  a r e a  a t  

time t OQ. The h a l f - l i f e  of  exchange t'/2 was ob ta ined  from 

-,he ?lot of  l o g  (1-F)  vs .  t which, of  course ,  i s  l i n e a r .  The 

r a c e  of  exchange R was then  c a l c u l a t e d  from the e q u a t i o n  

The exchange of hydrogen between Em2 and D 2 O  i s  

f i r s t  o r d e r  w i t h  r e s p e c t  t o  HNF2 and ze ro  o r d e r  w i t h  r e s p e c t  

zo water as shown i n  Table  I .  A r easonab le  mechanism i s  

ENF2 = H+ + NF2- Slow 

F a s t  

F a s t  

H+ + D z 0  = D+ + H 2 0  

D+ + NF2- = D N F 2  

where the r a t e -de te rmin ing  s t e p  i s  the  i o n i z a t i o n  of H N F 2 .  

The exchange was fo l lowed a t  s e v e r a l  t empera tu res  

b y  us ing  a t empera tu re -con t ro l l ed  probe which r e g u l a t e d  the  

tempera ture  t o  2 l0C. 
was c a l c u l a t e d  from the  Arrhenius  equa t ion .  The p l o t  of log K 

vs . l / T  i s  shown i n  F i g u r e  1. 

The a c t i v a t i o n  energy  of  4 .5  kcal/mole 

The f a c t  that the exchange i s  a c i d  c a t a l y z e d  induced 

u s  to i n v e s t i g a t e  the exchange of hydrogen between HNF2 and 
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C3;sZCCD. T k i s  excharige was a l s o  s t u d i e d  i n  d e u t e r a t e d  t e t r a -  

lAdL.- no-? , .~ran-d8 . a t  s e v e r a l  t empera tures .  The r e s u l t s  are sum- 

"? ,. -,- .! . . . u ; s ~ ~ e d  i n  Tab le  II. 

The cechar?ism found for t h e  exchange of hydrogen 

>?.;i.:aen EA32 anb D 2 G  ( t h e  i o n i z a t i o n  of HNF2)  w i l l  a l s o  l e a d  

i;o ?xchanse o f  hydrogen between HNF2 and CF3COOD. There fo re , .  we 

J . i c l = l y  s a b t r a c e  t h e  c o c t r i b u t i o n  of th is  f i r s t  o r d e r  mechanism 

I-- - IL the Go-Lai r a t e  of exchange. The ra te  of .exchange R,  then,  

is 'i ".le sum of two r a t e s .  

- . , - I -  

R t o t a l  = Xi [HW2 1 + K 2  [HDTF2] [CF3COOD] 

h-, -63' only  t h e  f i r s t  o r d e r  p a t h  i s  observed and t h e  f i r s t  

o 2 b e r  r a t e  c o n s t a n t  f a l l s  on t h e  same l i n e  i n  t h e  Arrhenius  

-$io-, as the  p o i n t s  ob ta ined  for t he  HNFz-D~O exchange. T h i s  

i s  shown i n  F i g u r e  1. 

A t  -51" b o t h  p a t h s  proceed a t  abou t  t h e  same r a t e  

i.!hile a t  h i g h e r  tem2era tures  t h e  second o r d e r  p a t h  proceeds 

Cascer .  The a c t i v a t i o n  energy f o r  t h e  second o r d e r  pa th  i s  

26.0 kcai/mole. 

z ' i g u r e  1 which ais0 shows t h a t  t h e  p l o t s  for t h e  two pa ths  

l i?terce?t ' a t  abou t  - 5 O " C ,  

The Arrhenius  p l o t  for t h i s  p a t h  i s  shown i n  
- .  

There are two p o s s i b l e  mechanisms f o r  t he  second 

~ r c e r  r ,&t t  as shown below. ' The f irst  i s  t h e  p ro tona t ion  of 
_ _  

2 

3 ! ! 2  + CF3COGD = HDNFz+ + CFaCOO- Slow 

XlhTz = DNF2 + H+ F a s t  

5' + CF3COO- = CF3COOH F a s t  

+ 
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-,o- ..:.il? ;:?e sscond I z v o i v e s  a 1:l complex 

-. , I -  - &-.c ~ e l a t l v e  xerits or' these mechanisms w i l l  be discussed. 
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REACTIONS O F  DIFLUORAMINE WITH LEWIS ACIDS* 

R ,  J, Douthart,** J. N.  K e i t h ,  and W. K. Sumida 

I I T  Research I n s t i t u t e  
Chicago 16, I l l i n o i s  

INTRODUCTION 

Craig’ has  r e c e n t l y  reported the r e s u l t s  of a s tudy  of the  
r eac t ions  of severa l  n i t rogen-f luor ine  compounds with L e w i s  ac ids .  
A s  was expected, he found t h a t  a l l  of t h e  compounds s tudied  w e r e  
extremely weak bases ,  dif luoramine and i t s  methyl d e r i v a t i v e  being 
among the  s t ronges t ,  W e  a r e  prompted t o  r epor t  some of our  da t a  
on the  r eac t ions  of t h e  l a t t e r  compounds with c e r t a i n  o the r  s t rong 
ac ids  a 

With t h e  purpose of ob ta in ing  new ni t rogen f l u o r i n e  type 
ox id ize r s ,  w e  have been s tudving t h e  p o s s i b i l i t y  of preparing 
d i f  luorammonium s a l t s .  H2NF2’X-, and of in t roducing  d i f  luoramino 
groups i n t o  compounds of l i g h t  meta ls ,  such as Al(NF2)3. 
end, t h e  r eac t ions  of dif luoramine and methyl dif luoramine with 
c e r t a i n  ac ids  have been s tudied .  

To t h i s  

RESULTS AND DISCUSSION 

Dif luoramine, H N F 2  and methyl d i f  luoramine CH3NF2,  have 
been shown t o  form i s o l a b l e  complexes with BF3, BC13, and S02, 
and i n  some cases  d i s s o c i a t i o n  da ta  could be obtained.  I t  i s  
evident  from Cra ig ’ s  work t h a t  usable  thermodynamic d a t a  w i l l  be 
ava i l ab le  only with t h e  s t ronges t  ac ids .  The problem i s  fu r the r  
complicated by the tendency f o r  i r r e v e r s i b l e  decomposition t o  
occur i n  most of these systems. The a c i d s  chosen f o r  t h i s  study 
included t h e  p r o t i c  a c i d s ,  hydrogen ch lo r ide  and t r i f l u o r o a c e t i c  
ac id ,  t’x ri-.tal a l k y l s ,  t r imethyl  aluminum and t r ime thy l  g.cllium, 
and s u l f u r  t r i o x i d e ,  one of t h e  s t ronges t  gaseous L e w i s  a c ids  
-.gown. Pressure-composition s t u d i e s  w e r e  made of these  systems i n  
t h e  usual  manner ,  t o  d e t e c t  adduct formation o r  o the r  condensed 
phase in t e rac t ions .  

The pressure-composition diagrams of t he  dif luoramine-prot ic  
ac id  s y s t e m s  d id  not i n d i c a t e  compound formation. With HC1,  HNF2 
w a s  miscible i n  a l l  propor t ions ,  with 1:irge p o s i t i v e  dev ia t ions  
from Raoul t ’ s  Law, while  w i t h  C F ~ C O Z H ,  p a r t i a l  s o l u b i l i t y  was 

*This research  was supported by t h e  Advanced Research P ro jec t s  
Agency under ARPA Order No. 350-62, P r o j e c t  Code No. 9100. 
Technical Di rec t ion  w a s  provided by t h e  Direc tor  of Engineering 
Sciences,  SREP, A i r  Force Off ice  of S c i e n t i f i c  Research. 

**Present Address: Department of Chemistry, ; -n ive r s i ty  of I l l i n o i s  
Urbana, I l l i n o i s .  

’A.D. Craig,  Inorg.  Chem. 3 ,  1626 (1964) - 



observed, and the solution was ideal. The stronger base, 
methyldifluoramine, was also misci5le with HC1 in all proportions, 
with large nec;ative deviations from Raoult's Law. At the lowest 
temperature, -127OC, a plateau was obtained, indicating the 
formation of a 1:l adduct. This is to be expected, since the 
methyl derivative should be a significantly stronger base. 

Both fluoramines from 1:l adducts with S O 3 ,  although the 
adducts probably do not have similar structures. The pressure- 
composition diagram of the HNF2-SO3 system has a minimum at a 
mole fraction of 0.4, and an inflection at about 0.5. Whether 
or not these observations indicate the formation of a 1:l and 
a l:L' compound is difficult to decide, due to the fact of slow 
decomposition of the product, and of the difficulty of obtaining 
true equilibrium in systems containing condensed SO3. N.m.r. 
spectroscopy supports the structure, F2NS020H (difluorosulfamic 
acid). The CH~NFZ-SO~ system is more conventional. A good 
pressure plateau, and a sharp pressure rise past a mole fraction 
of 0.5 indicate the formation of a 1:l compound. 

I rreversihle decomposition interferes with pressure- 
composition studies of these amines with trimethyl aluminum, 
Coordination compounds are probably intermediates, but no evidence 
was obtained for their existence. The reaction of trimethylaluminum 
with difluoramine produces methane, even at -8OoC, and often results 
in explosions. The reaction appears to be the usual elimination 
which occurs with many hydrogen-contai ning bases: 

(CH3)3A1 + HNF2 = (CH3)2A1NF2 + CH4 

Although this reaction renders the system useless for the purpose 
of obtaining thermodynamic data on the basicity of difluoramine, 
it does suggest the possibility of a new oxidizer, Al(NF2) 3. In 
an attempt to obtain this compound b77 the use of an excess of 
difluoramine, twofold substitution was obtained, presumably 
producing CH3Al(NF2)2, although the compound has not been definitely 
identified. 

The reaction of equilimolar amounts of methyl difluoramine 
with trimethylaluminum produces two moles of methane and a smaller 
amount of HCN. The reaction is evidently the decomposition of the 
amine : 

CH3NF2 = HCN + 2 HF 

followed by reaction of the HF with trimethylaluminum, liberating 
methane. 

The difluoramine-trimethylgallium system was studied briefly, 
in an attempt to isolate a coordination compound. No evidence was 
obtained for such a compound from the pressure-composition data, 
and the mixture obtained was easily resolved into its components 
by simple trap-to-trap distillation. At room temperature, however, 
the elimination of methane occurred, very slowly. 
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EXPERIMENTAL 

A standard Stock-type high vacuum line was used, except for 
experiments with SO3 or CH3NF2. 
with Kel F-90 grease were used, and pressures were measured with a 
Bourdon gauge. 

In these cases stopcocks lubricated 

The commercially available materials, HC1, (CH3!3Al ,  and 
C F ~ C O Z H ,  were purified by trap-to-trap distillation in the vacuum 
line. SO3 was generated as needed by passing the vapors from a 
sample of "Sulfan B" over a P2O5 column. Trimethyl gallium was 
prepared by the reaction of gallium with dimethyl mercury at 13OOC. 
Difluoramine was prepared by the thiophenol reduction of 
tetraf luurohydrazine. 

The HNF3-HC1 System 

A pressure-composition study of the system HNF2-HC1 was 
performed by adding successive small samples of HC1 to a sample of 
t N F 2  neld at constant temperature by an appropriate "slush" bath. 
The data obtained at -112, -127, and -138OC indicated that the two 
compounds are miscible in all proportions. Deviations from Raoult's 
Law were positive, indicating no compound formation in the condensed 
phase. 

The CH3NF2-HC1 System 

The pressure composition data were obtained in the same manner 
as above, except that the mercury-free system was used. In an 
early experiment with this system, the mercury manometer rapidly 
became foule-7. in contact with the mixture of gases. In later 
exploratory experiments, however, no apparent reaction occurred 
in several days between a mixture of t'-!ez= qi..res -.id mercury in a 
sealed tube. However, one of these tubes exploied when shaken 
gently. The previous fouling of the manometer nay have been caused 
by some impurity in the difluoramine. 

The pressure-composition diagrams show large negative 
deviations from Raoult's La,, at -95, -112, and 1 2 7 O C ,  and at the 
lower temperature, a plateau indicating the formation of a 1:l 
compound. 

The HNFZ - CF3C02H System 

Because of the corrosive nature of sulfur trioxide and the 
tendency of the low-melting form to undergo transition to more 
highly polymerized forms, it is a rather difficult material to 
use in an equilibrium process. It was not possible to obtain 
reproducible saturation pressures for this system by adding HNF2 
to SO3 at low temperatures. 
over the whole composition range studied (up to x = 0.6) and 
equilibrium could be obtained, although slowly. The pressure- 

2 J . P .  Freeman, A.  Kennedy and C.B. Colburn, J. Am. Chem. SOC. 

However, at OOC, a liquid was obtained 

- 8 2 ,  5 3 0 4  (1969). 
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composition diagram shows a minimum a t  X H N F ~  = 0.4, and an  
i n f l e c t i o n  it Z > G - >  ; . 5 ,  with a sharp increase  i n  pressure  beyond 
t h a t .  Possibly,  a 2:1, a s  w e l l  a s  a 1:l compound i s  formed. 

The proton and F19 n.m.r .  spec t ra  ind ica ted  only s i n g l e  
f requencies  f o r  hydrogen and f l u o r i n e ,  n e i t h e r  of which was s p l i t ,  
i n d i c a t i n g  t h  t t h e  hydrogen i s  no longer on t h e  ni t rogen atom. 
These observat ions a r e  c o n s i s t e n t  with t h e  s t r u c t u r e  FzNSO~OH, 
but  not with t h e  coord ina t ion  compound, HNF2:S03. 

Slow decomposition of t h e  product occurs  a t  room temperature,  
t h e  v o l a t i l e  products  being rJ2F4 and SO2. 
t h e  following: 

The r e a c t i o n  i s  probably 

N 2 F 4  + SO2 + H2S04 2 NF2S020H 

'The CH3NF2 - SO3 Systems 

The CH3NF2 - SO3 system was examined i n  a s i m i l a r  manner. 
A t  -63.5OC, t h e  pressure-composition diagram indica ted  only s l i g h t  
s o l u b i l i t y  of S O 3  i n  t h e  dif luoramine.  At -45.2OC, however, t h e  
curve i s  t y p i c a l  of a system i n  which a 1:l adduct i s  formed. The 
adduct i s  a white s o l i d ,  mel t ing a t  about - l O ° C ,  t o  a c l e a r ,  
c o l o r l e s s  l i q u i d .  A t  about OOC, an exothermic reac t ion  occurs ,  the 
l i q u i d  becomes yellow, and HCH and S i F 4  a r e  found i n  the  v o l a t i l e  
products .  

The H N F 2 -  (CH3)  3 A l  System 

When at tempts  w e r e  made t o  s tudy t h e  pressure composition curve 
of t h i s  system, it w a s  soon discovered t h a t  explosions occurred 
whenever the  HNF2 i s  added i n  such a manner t h a t  t h e  l i q u i d  can 
c o n t a c t  t h e  - Jndensed (CH3)  $11, even a t  low temperatures. When 
successive small amounts of gaseous HNF2 a r e  added t o  a r e a c t o r  
conta in ing  the a l k y l  a t  -8OoC,  methane i s  slowly evolved. I n  one 
such experiment, 9.5 c c  of (CH3)3A1 was condensed i n  a small  tube 
a t  -80°C, and small  a m o u n t s  of HNF2 added, taking c a r e  t o  keep the  
t o t a l  p ressure  below 25 mm. The methane, which was pumped out  each 
t i m e  b e t w e e n  a d d i t i o n s ,  t o t a l e d  1 2 . 1  cc before  an explosion occurred. 

I n  an attempt to  moderate t h e  r e a c t i o n ,  and t o  obta in  more 
e x t e n s i v e  s u b s t i t u t i o n ,  9.9 cc of (=3)3Al was dissolved i n  5 m l  
d r y  isopentane,  and 30.8 cc HNF2 was allowed t o  d i s t i l l  i n t o  t h e  
s o l u t i o n  a t  -8OOC. The evolu t ion  of methane was very s l o w ,  even 
when t h e  so lu t ion  was brought t o  room temperature.  A t o t a l  of 
19 .4  cc CH4 was obta ined  over a per iod of three days,  very c l o s e  
t o  t h a t  required f o r  a 2 : l  r eac t ion .  N o  new v o l a t i l e  product was 
found. The yellow s o l i d  res idue ,  presumably CH3A1(;1F2) 2 ,  l i b e r a t e d  
only  a t r a c e  of iod ine  when dissolved i n  a K I  so lu t ion .  

C H ~ N F ~ - ( C H  1 A1 System 3 3  

I n  a s i n g l e  experiment,  9.e c c  ~ ' - 3  I 3nlfi 9.9 cc ( C H 3 ) 3 ~ 1  /- 

w e r e  combined and allowed t o  thaw. Viqorous effervescence began 
as soon a s  an apprec iab le  pressure  was observed, and was soon 
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complete a t  room temperature. The on ly  v o l a t i l e  products  were 
19.7 cc CH4 and 3 . 5  cc. HCN. 

ji.Z',! in9 (CH313Ga were combined i n  a small r e a c t o r  and thawed. 
The r eac t ion  t o  form methane was very slow, about 2/3 mole being 
produced overnight  a t  room temperature.  :lo explosion occurs ,  even 
i n  the  presence of l a r g e  excess of HNF2. A prel iminary pressure- 
composition study d id  not r evea l  an adduct a t  -.-.5OC o r  -45.2OC. 
D i s t i l l a t i o n  of the  mixture through a - 8 O O  t r a p  separated the 
components almost completely i.-l m e  pass .  
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A Study o f  the Chemistry of Difluoramines 

A .  D.  Craig, G .  A .  Ward, C .  M. Wright, and J .  c .  w .  Chien 

Research Center,  Hercules Po'+rdder Co # ,  Wilmington, Delaware 

INTRODUCTION 

dif luoramines.  The chemistry of t hese  compour?ds has been ~ tud i . ec i  ROW 
in t ens ive ly  during r ecen t  year5 thar, p e v i o u s l y  ar,d has  been the subjcct; 
of' t h ree  review a r t i c l e s  ( l , 2 , 3 ) G  :?':?e a i m s  o f  our  ?fork, part of which 
we desc r ibe  here, a r e  t o  g e t  a p i c t u r e  of the  r e l a t i v e  e l ec t ron  
d i s t r i b u t i o n s  i n  X-NF2 compounds, t o  ga in  an  understanding of the nature  
of t h e  N-F and N-X bonds, and f o  dete?i>ine the  ex is tence  and s t a b i l i t i e s  
of N-F r a d i c a l s  and i o n s .  We have cowen t ra t ed  on X-NF2 compounds, 
where X = F, C 1 ,  H, NF2, CH3, C2H5, arid CF3. The r a d i c a l  and ion ic  
spec ie s  which have he ld  our a t t e n t i o n  a?e *NF, -NF2, NF+, NP-, N F p ,  
NFz-, NF3+, and H2NF2+. 
d i f  luoramine, HNF2, and the  ex is tence  of NF2-contsining ions  to i l l u s -  
t r a t e  our  i n v e s t i g a t i o n s  i n  NF2 cheF.istry. 

RESULTS A N D  DISCUSSION 

Compounds conta in ing  the  NF2 group a r e  commonly r e fe r r ed  t o  a s  

T h i s  paper> emphasizes the  chemistry ci' 

Theore t ica l  Conskderations 

One of the approaches which w e  have taken i s  t h e  ca l cu la t ion  of 
molecular parameters of var ious N-F spec ie s  by enploying molecular 
o r b i t a l  t rea tments  ( 4 , 5 ) .  O f  p a r t i c u l a r  re levance t o  NF2 chemis t ry  
a r e  the  n-bond o rde r s  and atomic charges ca l cu la t ed  for NF2 moiet ies  
(Table I > .  

TASLE I 
CALCULATED CHARGES AND BOND ORDERS OF NF2 SPECIES 

ATOMIC CXARGES 
&N&F TT-Bond Orders 

+1.706 -0.353 
+0.86 -0.43 

0 -0.5 

0.3 
0.35 
0 

Kaufman and coworkers have made similar ca l cu la t ions  and have shown 
t h a t ,  i n  covalent  NF2 compoymds, t h e r e  are RO o r b i t a l s  ava i l ab le  on 
the  n i t rogen  of energy low enough F o r  s i g n i f i c a n t  'IT-bonding w i t h  t he  
urishared e l ec t rons  on t h e  f l u o r i n e  a t o m  ( 6 , 7 ) .  I n  a s e r i e s  of X-NF2 
coripounds, t he  r e l a t i v e  e l e c t r o n  d i s t r i b u t i o n s  a r e  t h u s  a func t ion  of 
t he  induct ive  e f f e c t s  of t h e  X g=.oup. The var ious s i t u a t i o n s  a r e  
emis ioned  as fo l lows :  

\ 
F . 4 . 4 3  F-0.5 

\ 
F-0.353 

\ 

I I1 I11 
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F 
n/ 
X-N 

'F 

IV V 

The r e l a t i v e l y  high negative chmge op. f luor i -es  causes m n y  
NF2 spec ies  t o  decomposl; r e a d i l y  by l o s s  o f  a f l u o r i d e  i o n .  This work 
i n d i c a t e s  tha t  the  NF2-containing ions which have t h e  g r e a t e s t  
p r o b a b i l i t y  of long term exis tence  a x  the c a t l m s ,  because, of any of 
the  NF2 species,  NF2+ has the lowes'; r;,egatlve a t o n i c  charge on the 
f l u o r i n e s .  I n  a l l  of t h e  d i f l u o r m i n e  de- ivat ives  studied, t h e  non- 
bonding L-shel l  e l e c t r o n s  of t h e  rdtrogan are no?e disp laced  toward 
the  f l u o r i n e s  than s t r i c t l y  loca l ized  on t h e  r,iix?ogen. A s  a T'esulCiJ 
t h e  n i t rogen  i n  many NF2 spec ies  caTries a r e l a t r v e l y  high p o s i t i v e  
charge. Any c a t i o n i c  N F 2  spec ies  would be experted. t? have a high 
e l e c t r o n  a f f i n i t y ,  probably higher  than khat; o f  N 0 2 + .  Considerations 
i n  i s o l a t i n g  a n  NF2 c a t i o n  a r z  .to s%%bilize i% w i t h  a large a n i m  of' 
low charge dens i ty  so tha'; pola- izat ion cari o c c i i ~ ,  o r  50 s e l e c t  a 
hypothe t ica l  NF2 salt i n  which the 3,t";c.e s t a b i l i z s t i o n  energy is very 
h igh .  Candidates f o r  t h e  l a t t e r  8z-e xoderate-sized d i v a l e n t  anicns.  
No NF2-containing ions  of any kype have been ckserved, except f o r  XF2+ 
which has been observed i n  +,he m?,s spectso:?eter ( 9 ) .  

Experimental Observations 

The neares t  w e  have come t o  demonstrating the ex is tence  of N-F 
ions  is i n  t h e  electrochemical oxidation-reduction r e a c t i o n s  of HNF2. 
,The oxida t ion  has  been c a r r i e d  o u t  i n  watar arid i n  var ious  polar  

r e a c t i o n  has been shown t o  be forma51or; of the  'NF2  r a d i c a l .  The .NF2 
r a d i c a l  undergoes combirzation processes on the sur face  of the e lec t rode  
r a t h e r  than d i f f u s i n g  into t h e  body of t h e  s o l u t i o n  before  being 
involved i n  f u r t h e r  r e a c t i o n s .  me combination process  on t h e  
e lec t rode  surface has been used t o  prepare a v a r i e t y  of NF2 compounds 
by simultaneously generati-ag okher  r a d i c a l  spec ies  , e .g e , 

organic so lvents  under a c i d  cozdi t ion  (9 ) .  The f i r s t  s t ep  o f  t h i s  \ 

HNF2 __j H+ + e- + oNP2 
CH COOH - OCC_Y3 + H+ + GO2 + e' 
.N&? + *CH3 ---+ CK3NF2 

The oxida t ion  of HNF2 involves t;he removal of an  e l e c t r o n  from t h e  
n i t rogen  i n  a solvated HNF2 spec ies  rather t h a 3  fron? NF2-. 
woTk on the s o l u t i o n  chemis t ry  of HNF2 shows tha t  m d e r  collditiolrs 
favoring the  formation of NF2- (prcton removal), this s p e c i e s  l o s e s  a 
f l u o r i d e  i o n  t o  form di f luorodiaz ine .  

A l l  of OUT 

NF2- -> 1/2 NZF2 + F- 

The reduct ion  of H N F ~  in 8qiieoue n?edia i s  a fcur -e lec t ron  
process  i n  which HNF2 is reduced t o  m-won.ia (10). In rioz.aqueous 
solvents , the  reduct ion  is deperdmt 071 the ava!.'IE'r:il.ity o f  proGons i n  
t h e  system and the  reduct ion poterctial is  s t ~ 2 r ~ l y  inf luenced hy the  
degree and type of s o l v a t i o n  (TabLe 11). NiSr.oge:l; C r i f i u o r i d e  i s  
electrolytically reduced i n  aqueous s:2lut;toA? at N-1 .40 v.  vs. S.C.E. 

i 
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,! S i x  e l e c t r o n s  p e r  molecule of NF3 a r e  involved i n  t h e  reduction. 

HNF2 + 4e- + 2H+ ___j NH3 + 2F- 
NF3 + 6e- + 3H++ NH3 + 3F- 

NF3 could not be e l e c t r o i y t i c a l l y  oxidized i n  systems similar t o  those 
used f o r  t h e  reduct ion .  

TABLE I1 
EFFECT OF SOLVENT ON THE POLAROGRAPHIC REDUCTION OF HNF2 

4 Solvent ~ 1 1 2  H N F ~  ( v o l t s  versus S.C.E. 

H20 
C2H OH 
C H 3 h  
D i m e  thy1 Formamide 
Dimethyl Sulfoxide 

1.22 
1.64 
1.42 

1.64 
1.61 

The so lva t ion  of HNF2 i n  a v a r i e t y  of so lvents  was s tudied by 
conventional and low-temperature i n f r a r e d  techniques and by 
determining t h e  d i s s o c i a t i o n  pressure-temperature r e l a t i o n s h i p s  of 
s e v e r a l  HNFpsolvent complexes ( 6 , i o ) .  Tota l  en tha lp ies  o f  
d i s s o c i a t i o n  were determined where experimentally f e a s i b l e .  S h i f t s  
i n  t h e  N-H and N-F s t r e t c h i n g  frequencies  i n  t h e  I R  spec t ra  o f  1:l 
complexes of HNF2 with so lvents  and o f  one-molar so lu t ions  of HNF2 
w e r e  examined t o  determine the na ture  of t h e  bonding i n  the  solvated 
spec ies  (Table 111). I n  genera l  t h e s e  d a t a  i n d i c a t e  t h e  order  
H20 < CH OH < CH CN < HCONH2 < HOCN(CH3)2cJ(CHg)2S0 f o r  the  s t rength  
of solva&.on of  &F2. 
DMF and DMSO exert very  l i t t l e  vapor pressure  a t  room temperature. 

HNF2 i s  by f a r  l e a s t  so lva ted  by water .  

determined from v i b r a t i o n a l  spec t ra ,  i s  t h e  s t rength  of t h e  i 

dif luoramine hydrogen bond with the  solvefit.  Thus, HNF2 appears t o  be ' 

bonded t o  these  s o l v e n t s  i n  s t r u c t u r e s  of t h e  type 

1 
{ 
1 

Equimolar complexes of HNF2 with forma.!!ide, dimethyl formamide, and /1 
dimethyl su l foxide  exert r e l a t i v e l y  l i t t l e  vapor pressure  a t  0' .  II 

j 

It was found t h a t  1:2 complexes of HNF2 with 

I 

I n  a l l  of t h e  s o l v e n t s  studied, t h e  most important f a c t o r ,  

F I 

/ 

/ 

However, i n  some systems t h e  i-nfrared spec t ra  i n d i c a t e  moderate 
bonding of the f l u o r i n e s  with t h e  solvent ,  e.g., 

4 

,/ 
N --F 

\ H3C 
N - C  

\ 

Attempts were made t o  p r o t o r a t e  HhT2 and CH3NF2 t o  determine 
i f  ammonium-type i o n s  such as HzNF2+ aP.d CH3NF2H+ could be formed. 
Th-ee approaches were employed. F i r s ? ,  1 anoutlts of H20 and KC104 
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I were added t o  1 s o l u t i o n s  of HNF2 i n  a c e t o n i t r i l e  o r  dimethyl 
' f'ormamide. Conventional i n f r a r e d  spectroscopic  techniques ind ica ted  

t h a t  no i n t e r a c t i o n  with the  HNF2 occurred. Second, t h e  s t r e n g t h s  of 
I a s s o c i a t i o n  of CH3NF2 and HI%F2 with arhydrous HC1, anhydrous HBr, and 

water were measured. 
descr ibed e a r l i e r  (11). No a s s o c i a t i o n  of t h e  dif luoramines with any 

,' of t h e  a c i d s  was observed. Third, i n f r a r e d  s p e c t r a  of t h e  s o l i d  
equimolar mixtures HNFpH20, HNFpHCl, HNF2-HBr, CH3NFpH20, CH3NF2- 

,! H C 1 ,  and CH3NF2--HBr showed no evidence of pratonat ion.  Spectra  were 
'i obtained a t  -160". 
; HBr t o  bromine. 

The techniques employed were similar t o  those 

Both HNF2 ar,d CH3XY2 werij ohserved t o  oxidize 
Ne r e a c t i o n  was obse_raved w i t 5  B C i  o r  H20. 

TABLE r n  
INFRARED ABSORPTION K 4 X s 4  OF lQJP;! COMPLEXES 

N-H N-H N-F N-F 
N-FT P - S y m .  Sm. S m .  A s p .  

Stre-&:h Bemi Bend S t r e t c h  S t r e t c h  
.___- 

Material 

860 
950 855 

CH CN'IWF2 ( s o l i d ) ( a )  2710 1424 
i HNP2 i n  CH3O l i q u i d ) ( b  ) 2725 * 1325* 955 

DMF-HNF2 ( s o l i d ) ( a )  2725 * * 952 850 
1 M HNF2 i n  M 0 ( l i q u i d ) ( b )  2740 * * * 855 

H2G.HNl72 ( s o l i d ) r a \  2800 1390 1320 973 875 

HN& ( s o l i d  )?as 3110 1450 1350 972 88 0 

2975 

*Solvent i n t e r f e r e n c e  & ;p0 
A measure o f  t h e  r e l a t i v e  d i s t r i b u t i o n  of e l e c t r o n s  i n  a 

v a r i e t y  of  NF2 compounds was obtained by stwlyis& t h e  i n t e r a c t i o n  o f  
t h e  difluoramines with-Lewis a c i d s  (11). The low-temperature 
i n f r a r e d  spec t ra  of complexes of d i f l u o r m i n e s  showed t h a t  bonding 
occurs through d o m t i o n  of elect-ons or! t h e  n i t m g e n  t o  t h e  Lcwis 
a c i d .  I n  no cases  was evidence found f o r  f l u o r i n e  br idging o r  
complete charge transfer. The s t r e n g t h  of t he  complexes formed was 
d i r e c t l y  dependent on t h e  e l e c t r o n - w i t h d . r a w i ~  or -donating power o f  
t h e  a t tached  group. A s t rongly  electron-WLthdrawing group such as 
CF3 renders  t h e  X-NF2 compound an  e s s e n t i a l l y  nonpolar spec ies .  An 
electron-donat ing group such as CH3 increases  the e l e c t r o n  d e n s i t y  on 
t h e  n i t rogen  but a l s o  increases  t h e  apparent  e l e c t r o n  d e n s i t y  on 
t h e  f l u o r i n e s  so  t h a t  compounds such a8 CH3CHzNF2 o r  HNF2 r e a d i l y  
undergo f l u o r i d e  abs t rac t tor ,  r e a c t i o m ,  e .g., 

CH CH2NF2 - .CH3CN + 2HF 
HN 3 2 __j 112 N2F2 + XF 

Studies  of t h e  pzo'con r.esonance of C33NP2 and C2H5MP2 showed t h a t  
t h e  e f f e c t i v e  e l e c t r o n e g a t i v i t y  o.f t h e  NF2 groi.zp is absut  3.3. 
Recently, t h e  e l e c t r o n e g a t i v i t y  was ca.l.culated to be between 
3.6 and 3.7 (12) .  m u s 9  t h e  NF2 gro3.p i s  a strong e lec t ron-  
withdrawing moiety i t s e l f .  
may be p ic tured  as i n  I V  ar.d V above. I n  1: %he N-F boRd is  
weak?l?ed s o  t h a t  r e a c t i o c s  of X$l.Fz favor Povtes  which involve IOSS of 

!?he conpetit icm f o r  zlonbonded e l e c t r c n s  

F-. Ih IV t h e  N-F boEd is s$-!s%e? SC %fiat -Xl?P2 YeaCtSons favor  the 



170 

l o s s  of *NF2. We examined the mass s p e c t r a l  c r a c k i r s  p a t t e r n s  of 
CH3NF2 and CF F2 a t  low i o n i z a t i o n  p o t e n t i a l s  (11 e l e c t r o n  v o l t s )  

r e s p e c t i v e l y .  These d a t a  i n d i c a t e  t h a t  t h e  C-N bonz i n  CF3NF2 fs 
weaker than  t h a t  of CH NF2. This observat ion is  a l s o  c o n s i s t e n t  
with a n a l y s i s  o f  the  u l t r a v i o l e t  s p e c t r a  of these  compounds (13). 
The N-F bond i n  CH3NF2, however, appears t o  be weaker than  i n  
CF3NF2. 
probably occur through d i f f e r e n t  mechanism. 
r a d i c a l  i n  the first step, whereas CH3NF2 w i l l  l o s e  a f l u o r i n e :  

and found t h a  P t h e  most abundant ions  (99%) were CH NF2+ and CF +, 

The thermal decornpositiocs of these  two difluoramines 
CF3 w i l l  l o s e  an  NF2 

CF3NF2 + 0CF i- aNF2 
cH3m2 c q i &  + e F  

The -NF2 and .F w i l l  probably t hen  z 4 e r g o  f u r t h e r  r e a c t i o n s  with t h e  
parent  molecules: 

*NF2 + CF NF2 lJF3 + 
*F + cHp32 ---+ m + -cHg!;~:: e t c .  

The CF NF2 does not  e a s i l y  l o s e  a f l u o r i d e  i o n  t o  Lewis  a c i d s  such as 

Conclusion 

These s t u d i e s  tend t o  s u b s t a n t i a t e  t h e  p r e d i c t i o n  of t h e  
t h e o r e t i c a l  c a l c u l a t i o n s  t h a t  i f  N-F anions a r e  formed, t h e  e l e c t r o n  
d e n s i t y  on the f l u o r i n e s  w i l l  be so high t h a t  l o s s  of a f l u o r i d e  i o n  
would be almost impossible t o  prevent Further ,  t h e  e l e c t r o n  a f f i n i t y  
of NF2+ appears t o  be extremely high, so t h a t  a d d i t i o n  of an e l e c t r o n  
t o  form 'NF2 o r  a d d i t i o n  of an  anion t o  form a covalent  NF2 compound 
i s  h ighly  favored. I n  general ,  t h e  r e a c t i o n  r o u t e s  of  NF2 compounds 
appear  t o  be favored where t h e  r e a c t i o n  intermediate  is  an 'NF2 
r a d i c a l .  The 'NF2 r a d i c a l  i s  a r e l a t i v e l y  s t a b l e  spec ies  with a 
TT-bond order  o f  0.35. The e l e c t r o n  d i s t r i b u t i o n  i n  t h i s  spec ies  i s  
much more symmetrical t h a n  those of t h e  anion or ca t ion .  
r o u t e s  which involve afi NF2 anion intermediate  ape not  very favorable  
because of the ease of f l u o r i d e  loss. !%ne NF2 catior! i s  equal ly  as 
unfavorable s ince  i t s  oxid iz ing  power w i l l  probably prevent it from 
existing i n  m o s t  systems. 

BF3 (9% 

Reaction 
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Contrlbution from the Chenristxy R e a d  SectionD 
-9 A aiviefon of North American Aviation, Inc,, 

C a m g a  Park, California 

It has been postulated that the SaprOSivs nature of the cesium compl€u 

88 contrasted rdth the m n ~ ~  nature of the potassium and rubidium 



w8re obtahed from the  Hamhaw Chemical Coo and the rubidium fluoride h 9 m  

Seml-ELanents, Inc, 



30 BellB R, E., R, C. Greenoagh, Go Bni& J P , ,  and H, E, DubbB to be 
plbllshed. 

Them was considerable diffimlty in handlbg the cpsstale since they are 

veuy kgrgroecopic, The crpta ls  were polishes on a f e l t  cloth wwt w i t h  a 

butanol solution esturated with the appmpriate salt, and theen  wen^ mbun&ed 

611 the capper block sad sealed into the iaffsrsd cell, W them d p a -  

latiom ware &ne inside a very carefully oonstructed drp bax d t h  a $I?$ Ar - 
3$ H2 atmosphere maink&& at a positive praasurm ao that the alka.U fltmrlde 

plat& - not eixposed to a i r  at any two 
The d5.fluorandne was sdmitted through a nosele directly onto the plate, 

A u t ~ a l I y ~  the vapor pressure of difluoramine is  high enough 80 that a portLon 

o f  the gas mndansed on t h e  copper block; howaver, mo&i of it did confienm~ 

on the dndaw, The speatra of the resulting complexes were then scanned with 

8 Beduaan IR-7 8pe&trPmeter set at  l o w  rsaolution and high spesd, The, machine 
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KF and RbF seem t o  form similar complexes. The N-H s t re tching 

frequency at  2600 cm"' is s h i f b d  down 630 cm"' from the gaa phase frequen- 

cy. 

1 
1 

The N-H s t re tch ing  band i n  t h e  complex i s  considerably more intense 
f 

than the same band in the gas phas13.~ The other  'ar'brational modes are at  7 

5. J. J. Comeford, D. &nn, Lo J. Schoen, and D. R. Ude, J. Chem, 
Phyee L6l (1963). 

I 

I 

about the same f requencies  as i n  the gas phase spectrum, The probable r 
! 

r 

f 
/ 

s t ruc ture  of t h i s  complex is shown i n  Figure 2 as form A, and seems t o  be 

t h a t  of a st rongly hydrogen-bonded complex, I t  is  possible t h a t  some 

M*.FH~NF; complex exists a l s o  but if t h i s  is so, i t n  concentration is 
I 

, 

smaller than i n  t h e  CsF caseb 

The speetrmm of the CsF complex is somewhat more complicated i n  

I 

6 r 

agreement with the f a c t  that. evidence f o r  two complexes has been reported. 

_ - - _ - - - - - - " _ o - _ e - - - " o I I  p - - o o - - - P - - - - - - o  

I 

6 .  E. A, Laorton, D, Pilipovich, and R. D. Idlson v. in press, 
~ 

17. I nor 9 .  Chew. 
_ _ o - - D - - o - _ _ - - o o - - _ _ ~ - - - - - - ~ - - - ~ - - - - - ~  

/ 

The bands i n  the  early spectrum (labeled complar plus gas)  a re  sh i f ted  

even f u r t h e r  from t h e  gas phase frequencies than i n  the KF and RbF ca3esO 

The increased complexity of t h e  N H  s t re tching frequencies supports the 

existence of a t  leas% two typee of co%plexes, but hardly permits specu- 

l a t i o n  on t h e i r  eXacG st ructure .  

t h e  spectrum is simpLified and a l l  bands s h i f t  to the blue indicat ing 

that the contplex is low of a s ingle  type very probably one mole of CsF t o  

one mole of HNF2" A new band appears ar; 723 cm" and me at  S5OC cm 

On pimping off the excess gaseous HNF2 

r 

-1 
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These Sands can be accounted f o r  bj an It would appear 

that here a l so  two types of cO~~plt?Xe$ are  present ,  one a hydrogen bonded 

complex similar -Lo t h e  KFaK!P2 and t h e  second complex containing the di-  

f l u o r d . d e  ion,' CS?FH.NF~,- (Figu 2, F O ~  Ej, 

ion.  and Wo 
L 

An attempt was ais0 mgde to f i n d  the  bmding  m&,e of the NF2" I o n  

which should be sh i f ted  well PG the blue Prom the SCX, ~ t n ' ~ '  frequency in 

HMF2" ion, h u t  unfortu- 

nately the  CsF p l a t e  w a ~  opaque i n  t h i s  region and an. attempt t o  deposi t  

CsF powder a a AgCl hirndokf was unsuccessful as there iias too much l i g h t  

sca t te r ing  from the powder. 

- 
This vould fisvc prosed the existence of an Si, 

ljiacussirln 

This data  provides possibly the  best, indicntiorr t o  da te  t h a t  a NF 7 
P 

Ion exists. The evidence for the  exis tence of the !IF2 ion is more con- 

c lusive for c ~ + ~ F H - w , ~  than f o r  K + ~ F H ~ N F ~  or E ~ , + ~ F H O N T ~ ~ ~  me CBF 1:i 

complex can be pictured as a m i x t u r e  of two 'tautomeric forma wheye the 

hydrogen r e s i d e s  i n  o l e  of two potent ia l  energy minim, one corresponding 

t o  Cs9FFcHNF2 and t h e  other  t o  Ca*oFIioNF2" (Figure 30)' The KF and RbF 

complexes are of t h e  same trpe as the CsF complex buti with les:3 favorable 

poten t ia l  energy minim f o r  t h e i r  ion fome. In  f a c t ,  it is n o t  z 
c e r t a i n  that they contain such minima (Figure 3b). 

only s l i g h t l y  t o  favor t h e i r  existence.  

The evidence seems 

Since both forms of the CsF 

complex %we observed i? the  speotrum, they must have an interconversion 

rate which i s  61ow cornpaEd to the  mmauring hcrared frequeneies of about 

lo& cps. 
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When there was excess gaseous W2 i n  contactvith CsF addi t iona l  

absorptions were observed i n  t h e  N-H s t r e t c h  region. 

mre then one HNF2 may be complexed with each CsF entity.  

complex ow8 preaent, no evidence of m2- ion was found in the spectrum. 

Thus the  NF2- ion nay not gist  axcept under exceptionally favorable con- 

This indicated that 

When the higher 

ditiOMo 

Even though the existence of W2- ion is indicated by t h i s  work, 

t h i e  should i n  no may encourage a bel ie f  that it migh4; be found in other 

system) both the dr iv ing  fo rce  of forming an I@ bond and the positioning 

of t he  HNF2 i n  the  M+F-oHNIF2 complex would seem t o  provide the best possible 

conditions f o r  forming and s t a b i l i z i n g  W2- ion. 
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1 Some Reactions of Alkyldifluoramines 

Har ry  F. Smith,  Joseph A. Castellano, and Donald D. P e r r y  

Contribution f r o m  the Chemistry Department,  
Reaction Motors Division, Thiokol Chemical Corporation, Denville, New J e r s e y  

The continuing s e a r c h  f o r  m o r e  energetic rocket propellant compositions has  
focussed attention on seve ra l  previously unexplored f ie lds  of chemistry.  
containing fluorine bound to nitrogen offer attractive prospects  i n  such applications. 
Since effective utilization of any chemical sys t em requ i r e s  a n  understanding of the 
components involved, we have undertaken a study of the reac t ions  of some  s imple 
model compounds of th i s  c lass .  

Compounds 

2 
The first synthesis of an  N ,  N-difluoroalkylamine (alkyldifluoramine) in 1936 

The perfluoro lk ldifluoramines introduced a new family of organic compounds. 
obtained by fluorination of var ious  carbon-nitrogen compounds 
been supplemented by a l imited number of analogous compounds containing non- 
fluorinated alkyl groups. 
study of the chemical proper t ies  of these  interesting compounds. 

3 y  
have m o r e  recently 

This paper consti tutes the first i n  a s e r i e s  devoted to  the 

~ R e action s with 0 r E ano m e  t all i c R e a ggnAs- 

Triphenylmethyldifluoramine ("trityldifluoramine", I) has  been found to r eac t  
rapidly with n-butyllithium to yield _n-octane and benzophenone ani1 (11). 
equimolar quantities of the reac tan ts  the reaction w a s  incomplete and some I w a s  
recovered.  
ditions. 
resu l ted  in  complete disappearance of the difluoramine; 77% of the  total fluorine was 
recovered as fluoride ion  and the  yield of 11 w a s  70% of theory. 

With 

Only 40% of the fluorine w a s  converted to fluoride ion under these  con- 
Increasing the amount of organometall ic reagent to two mola r  equivalents 

_--. .__." . . _ .  -. .... 

1.  Resea rch  reported in  this publication w a s  supported by the Advanced Research 
P ro jec t s  Agency and adminis tered by the Department of the Navy, Office of Naval 
Research.  

2 .  0. Ruff and M. Giese,  B e r . ,  .m, 598 (1936). 
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c. W .  H. Graham and C. 0. P a r k e r ,  J. Ora.  Chem.,  2 8 ,  850 (1963). 
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- t - Butyldifluorarnine (111) reacted rapidly with ei ther  E-butyllithium o r  phenyl- 
l i thium to produce n-octane and biphenyl, respectively.  Recovery of fluoride ion 
was  20-2770 in equimolar s y s t e m s  and increased to approximately 50% when m o r e  
than one equivalent of 2-butyll i thium was  used. 

Two additional products ,  present  i n  small quantity, were  detected and identified 
by in f r a red  and m a s s  spec t r a l  analyses.  
and 1, 2-difluoro-1, 2-di-t-butylhydrazine (V). 

These products were  azoisobutane (IV) 

FF 
(CH3)3CN=NC( CH3)3 (CH3)3CNNC(CH3)3 

I V  V 

The reaction of 111 with two o r  four equivalents of q-butyllithium resul ted 
in the formation of a new product ,  N, N-di-2-butyl-t-butylamine (VI), in yields 
up to l670of theory, 
was  identified by in f r a red  and mass spectrometr ic  analyses.  
m a s s  spec t rum of VI with that of the known tri-p-butylamine (Table I) shows that 
the same majo r  peaks  appear ,  but i n  quite different relative intensit ies.  
peaks due to r ea r r angemen t s  w e r e  generally more  intense and b o  such peaks 
( m / e  = 86, 114) which do not occur  in tr i-2-butylamine were  observed. 

This previously unknown t e r t i a ry  amine, b.p. 80-82°/0.3 mm, 
A comparison of the 

The mass 

Table I 

Pr incipal  M a s s  Peaks  of N, N-n-Butyl-t-Butylamine 
and Tri-E-Butylamine 

Relative Intensity 
3 m l e  

41 
42 
43 

57 
58 
72  

86 
99 

100 

113 
114 
128 

Ionic Species (n-  Bu)zN- t-  Bu (n-  Bu)3Na' 

C3H5+ 90 21.4 
C3H6+ 34 16.0 
C3HTt 85 7 .8  

C4H9t - 100 13.4 
C4H10 o r  C3H3NHzt (Rearrangement)  75 5.0 
C4H9NHt (Rearrangement)  91 1.16 

C 4HSNHCH2 t ( R e a r  rang ement) 92 4.26 

C&9NH(CH2)2t (Rearrangement)  8 26. 3 

C9H,-NH( CH&t (Rearrangement)  4 0.25 
(C4H9)2Nt 68 1.03 

- - - - -  4H9N ( CH2) 2 (Rearrangement)  12 

- - - - -  C4H9 - N - (C H2)3 t 8 

63 
26 

100.0 
0.14 

8 5.22 

a. Mass  Spectral  Data, A. P. I., Serial  No. 1132 
_ _ _ _ _ ~  

A 
I 

i 

, 
The resul ts  of this  s e r i e s  of experiments  a r e  summar ized  in Table 11. 

1 
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Table I1 

Reactions of A -  Alkyldifluoramines with Organolithium Reagents 
-.__ -I ._._..I-_-_. - -  -I 

Reactants. ,  Products  

O the r s  - - __-_ _..____ RNFz R t L i  Molar Ratio Y o ~ t ~ t  YoF- -- 
I 
I 
I 

I11 
I11 

111 
111 
I11 
111 

- n-BuLi 1 : l  
- n- BuLi 1 : 2  
- n- BuLi 1:2 

Q, Li  1:l 
Q)Li 1 : l  

n_- BuLi 1 : l  
2-BuLi 1:i 
.- n- BuLi 1:2 
- n-  BuLi 1:4 

40.1 I ,  I1 

_ _ - _  72'10 I1 

- - - - - -  
presen t  77.0 I, 42 t%I I  
_ _ _ - _ -  

presen t  21.1 111, IV, v 
50.8 19.  5 111 

8 8 . 0  25.6 I11 
p resen t  25.6 I11 
p resen t  48.8 VI 
- - - - - -  52.0 16. 2%VI 

Proposed Mechanism,cf Organolithium Reactions 

The various products obtained in  the  experiments  descr ibed above can be 
explained on the  assumption that the organometall ic reagents  reduced the te r t ia ry  
alkyldifluoramines v ia  a succession of one-electron t r ans fe r  steps.  A possible 

R3CNF2 t R'Li -----+- R3CNF t R'. t LiF (1) 

I VI1 a ,  R = CH3 
b, R = d  

R3CNF t R'Li R3CN. t R'.  t LiF 

v I1 VI11 a ,  R = CH3 
b, R = @  

alternative for  the s tep  shown i n  equation 2 would be interaction of the  R' radical 
derived f r o m  the organometall ic reagent with the fluoramino rad ica l  (VII). Such 
a p rocess  would a l so  produce the nitrene (VIII), but would r equ i r e  different stoichio- 

R3CNF t R '*  R3CN.t R ' F  ( 3 )  

VI1 VI11 

metry.  
p rocess  has  been detected. 

N o  t r a c e  of the fluorocarbon by-products which would be formed i n  this 

The a r r a y  of final products obtained in any one experiment was  found, a s  
expected, to depend upon the reac tan t  ratio and the o r d e r  and rate of addition. 
reactive intermediate spec ies  a r e  capable of interacting i n  var ious  combinations 
and products a r i s ing  f r o m  seve ra l  of these  possibil i t ies have been detected. 

The 
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In each case the hydrocarbon produced by the coupling of two of the radicals  
Diphenyl and der ived f r o m  the organometal l ic  reagent  was  a prominent  product. 

- n-octane were  obtained f ro in  phenyllithium and 2-butyllithium, respectively. When 
an equimolar quantity of phenyllithium was  added slowly to  t-butyldifluoramine (111), 
the homogeneous coupling product (V)  of the amino radical  ( V I I a )  was detected 
among the products ,  along with the coupling product (IV) of the ni t rene (VII Ia) .  The 
diradical  nature  of n i t renes ,  which leads to dimerizat ion and the production of azo 

F F  
2(CH3)3CNF > (CH,),Cfi-NjC(CH3)3 

VI1 a V 

(5)  1 
( 6 )  ''I' 

2(CH,),CN* __f (C,H3)3N=N(CH3)3 

VI11 a IV 

compounds, i s  well known. 
has  been observed when an  excess  of E-butyllithium was  used. 

The cross-coupl ing of VIIIa with the "-butyl radical 

(CH3)sCN. t 2CH3(CHz)3 - - > (CH3)3CN( CH2CHzCH,CHz), 

VI11 a V I  

In reactions involving trityldifluoramine (V) rear rangement 'o f  the ni t rene 
(VIII b) appears  to be favored  energetically, s ince benzophenone ani1 (11) was the ;I 

d 3 C i .  (b2C=N$ (7) f 

only product  found. .I1 h a s  been reported as the principal product of thermal  decom- ' 

.4 
i 

VI11 b I1 i 
6 , 7 , 8 {  

,! 
position of tr i tylazide,  N-tritylhydroxylamine, and a number of re la ted compounds 

t-butyl ni t rene (VIII a ) ,  if  i t  occur red ,  would yield the imine (IX) which would be 
subsequently hydrolyzed to  acetone and methylamine. A careful  s e a r c h  failed to 

presumably a l s o  v i a  the ni t rene intermediate .  An analogous rear rangement  of the 
/ 

? 
- 
revea l  the presence  of any volati le base.  

HZO 
i 

(CH3)3CN. -> ( C H ~ ) ~ C = N C H S  - (CH3)2C=O + CH3NHz ( 8 )  ' 

VI11 a IX 1 
~ ... - . . -  - -  

5. 
6. 

7. 
8 .  

L. Horner  and A. Chris tmann,  A%,ew. Chem. (Int. Ed.)! -2, 599 (1963). 
Steigli tz,  et., J. Am. Chem. SOC.,  36, 272 (1914); ibid. ,  38, 2081, 2718, 

L. W. Jones and E. E. Fleck,  ibs., LO, 2022 (1928). 
W .  H. Saunders and J. C. Ware,  =d., LO, 3328 (1958). 

/ 2717 (1916); ibid. ,  44, 1270, 1293 (1922). - 
, _ .  .. -. --.- . .  

,J . . . , . .. . 
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React ions with Nitric Acid 

Since concentrated n i t r ic  acid exhibits both oxidative and electrophilic prop-  
e r t i e s ,  one can anticipate seve ra l  possible modes of attack on a t e r t i a ry  alkyldi- 
f luoramine. The difluoramine might be protonated and subsequently hydrolyzed, 
oxidation might produce an amine oxide analog, oxidative cleavage might occur at 
N-F ,  C - N ,  o r  C-C bonds, o r  a nitroalkane might be  produced. It has  been repor ted ,  
for example,  that tr i tyldifluoramine is protonated i n  concentrated sulfuric acid 
and decomposes with the l iberation of difluoramine. We have confirmed this ob- 
servation and found, fu r the rmore ,  that  a secondary alkyldifluoramine is similarly 
protonated but decomposes with the evolution of hydrogen fluoride. 10 
fluoramine has been found to dissolve in glacial acetic acid and to be recovered un- 
changed upon dilution with water .  
hydrochloric acid a t  room tempera ture .  

Trityldi- 

It was not affected by contact with concentrated 

The room tempera ture  reactions of t-butyldifluoramine and trityldifluor - 
amine with concentrated n i t r ic  acid, i n  both equimolar  quantities and with a l a r g e  
excess  of acid, have been studied. Table I11 p resen t s  a summary  of the products  
obtained i n  each case ,  as determined chiefly by inf ra red  spec t r a l  evidence. 

Table I11 

Product  

NO2 
N2O 
co2 
N 0 3 F  
NOCl o r  N 0 2 F  
SiF4 
Al ky lni  t r  at  e 
A1 kylni t r  at  e 
Nit roa l  kane 
Carbinol 

Reactions of fdkyldifluoramiEes with 70% Nitric Acid 
t -  Butyldifluoramine T rityldifluo r amine - - 

Equimolar  
acid 

- - - - - - - 
Presen t  

Excess  
acid 

Large  
P resen t  
La rge  
Trace  

P resen t  
P resen t  
P resen t  

- - - - - - 

- - - - - - - 
- - - - - - - 

Excess  
acid 

Large  
P resen t  

T r a c e  
Trace  
P resen t  
P resen t  
P resen t  
P resen t  
Major 

- - - - - - -  

- - - - - - -  Alkyldifluoramine P r e s e n t  - - - - - - - Major 

Several  points a r e  worth considering i n  some detail.  The l a r g e  amount of 
nitrogen dioxide obtained when excess  acid was used is apparently the result  of 
decomposition of n i t r ic  acid catalyzed by the difluoramine o r  one of the reaction 
products. This interpretation is  supported by the fact  that the quantities of gas 
obtained were  greatly in  excess  of stoichiometric,  based on the difluoramine, and by 
the observed exponefitial p r e s s u r e  r i s e  following a pro t rac ted  induction period. __ _ _  - __  .--. ~ .. . -.. ~. . . .~ ... . . ... .~... . -. . ... . _.. ~ - . .~  

9.  W.  H. Graham and C. 0. P a r k e r ,  J2 Org. Chem. ,  2 8 ,  850 (1963). 
10. Unpublished exper iments ,  this laboratory.  

. . . . . .  . -  
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The presence  of carbon dioxide among the products of the react ion of t -butyl-  
difluoramine with excess  n i t r i c  acid i s  a c lear  indication that C-C bond cleavage 
occurred .  The nitrate and n i t r i te  e s t e r s  produced in this experiment  w e r e  mix- 
tu re s  of var ious  alkyl der iva t ives ,  and not solely 
cases  where  nitrate e s t e r s  w e r e  detected. 
amine toward oxidative cleavage i s  fully in accord  with known differences between 
aromat ic  and aliphatic sys t ems .  

t -butyl  der ivat ives  a s  i n  the other 
The relat ive stability of trityldifluor- 

The appearance of s i l icon te t raf luoride during an investigation of organic 
fluorine compounds in g lass  equipment is generally understood to imply the t ransient  
formation of hydrogen f luoride;  this interpretat ion should be applied here .  
interest ing point, not yet fully understood, i s  the appearance of nitroalkane and 
carbinol only in  the react ion of trityldifluoramine with excess  acid. 

An 

In general ,  the r e su l t s  observed a r e  best understood a s  the consequences of 
e lectrophi l ic  attack on the alkyldifluoramines. 
occur  when trityldifluoramine was t rea ted  with hydrochloric acid,  an even s t ronger  
e lectrophi le ,  tends to cloud this simple picture .  
the simultaneous par t ic ipat ion of an oxidative p rocess  in some way which i s  not yet 
c l ea r .  

The fact that such attack did not 

It becomes necessary  to invoke 

Assuming that protonation of the alkyldifluoramine does occur ,  elimination 
of difluoramine and formation of a te r t ia ry  carbonium ion would logically follow. 

t 
R3CNF2 f Hf * R3CNF2H 

+ 
R3CNFzH + R3CS t HNF2 

The fa i lure  of difluoramine to  appear among the final products  i s  not par t icular ly  
surpr i s ing .  In the presence  of n i t r ic  acid and/or  nitrogen oxides, it might easily 
be  oxidized and may well constitute the source of the silicon te t raf luoride.  
formation of a carbonium ion f r o m  trityldifluoramine would be favored by resonance 
stabilization. 
and formation of the ion would be expected to occur  l e s s  readily. 
the t-butyl carbonium ion and the difluorammonium ion f r o m  which i t  is derived 
would be more  subject to a var ie ty  of side react ions than the corresponding tri tyl  
species .  

The 

In the i -butyl  c a s e ,  on the other hand, this driving force  is not present  
In addition, both 

Reaction of the carbonium ion with water  o r  with n i t ra te  ion would produce 
the carbinol  and the e s t e r ,  respect ively.  Alternatively, the carbinol might be 

R3C+ t H2O 4 R3COH t Ht (11) 

R3Ct t N03- R3CON02 (12) 

R3COH t HN03 - > R3CON02 t H2O ( 1 3 )  

es te r i f ied  by nitric acid. 
substantially t o  the overal l  r e su l t  only in  the trityldifluoramine react ions.  

For the reasons  cited above these react ions contributed 
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Experimental  

Materials - The phenyllithium and n-butyllithium used in this work were  commerc ia l  
products supplied by Foote Minerai-Company in ether-benzene and hexane solutions, 
respectively. Trityldifluoramine was obtained f rom Pennisu lar  Chem Research and 
purified by recrystall ization f r o m  methanol, m. p. 80-81. 5' (uncozj.  ). 2-Butyl- 
difluoramine was prepared  by the method of Smith and Castellano 
prepurified nitrogen. 
the storage bulb under vacuum and was measured  by volume a s  a gas, assuming 
ideality. It was condensed d i rec t ly  into the reaction flask f rom the vacuum line. 

and stored under 
The quantity des i red  for  each exper iment  was distilled f rom 

Reaction of - t-Butyldifluoramine with Phenyllithium 
~~ ~ ~~~ ~~~~~ 

t-Butyldifluoramine (0. 55 g. ,  0. 005 mole) was dissolved i n  10  ml. of sodium- 
d r i e d e t h e r  and the solution was  cooled to  0-5'. 
2. 5 ml. (0 .  005 mole) of phenyllithium solution in benzene-ether  (Lithium Corporation 
of America)  was diluted with d r y  e the r  to 10 ml. 
s t i r r e d  difluoramine solution during one hour. 
deepened gradually during the addition. 
through the reaction flask and then bubbled into a standardized solution containing 
5. 2 7  meq. of acid, while 2 0  ml. of distilled water  was added dropwise to the reaction 
mixture  (20 min.) .  The acid solution was 
t i trated with base  and 5 .19  meq. was found, 
to be significant. The aqueous and organic phases  of the reaction mixture were  
separated.  The water  layer  was washed with 15 ml. of e ther . '  The wash and the 
organic layer  were  combined and washed with three  10 ml. portions of distilled 
water. 
to analyses a s  discussed above. 

In a dropping funnel under nitrogen, 

This solution was  added to the 
A red-brown color  appeared and 

A gentle s t r e a m  of nitrogen was passed 

St i r r ing  was continued for  one hour. 
The dec rease  (1. 5%) was not considered 

These washes were  combined with the aqueous solution, which was subjected 

: The ether-benzene solution was dried first over Dr i e r i t e  and then over. anhydrous 
sodium sulfate and disti l led at a tmospheric  p re s su re .  The flask was heated in a 
bath a t  55-60' throughout disti l lat ion of the bulk of the solvents and ra i sed  to 95-100' 
for  2 0  min. at the end. A brown t a r r y  residue weighing 1. 10 g. remained. The 
disti l late was collected a t  Dry Ice tempera ture  to  avoid the loss  of unreacted t-butyl- 
difluoramine o r  low-boiling products. 
fraction contained peaks a t  33(NF), 41 (C,I-&), 45 (CNF), and 57 (C,H9) mass.units.  
The t r ace  of e the r  observed ( m / e  = 59) was not sufficient to account for the intensity 
of the peak a t  57, to be attributed to t-butyldifluoramine. The mos t  probable source 
of these  fragments  i s  the subs t i tu tesxydraz ine  (V). 

The m a s s  spec t rum of the "non-volatile" 

The severa l  components of the l e s s  volatile fraction were  separa ted  by vapor 
The six- 

Since fractions w e r e  expected to be too 

phase chromatography, using a Perk in-Elmer  Model 154 C instrument.  
foot column was  packed with di-g-decyl phthalate on f i r eb r i ck  and was  maintained at  
90' with a helium flow r a t e  of 53 ml /min .  
smal l  to be collected individually, the effluent s t r e a m  was  fed d i rec t ly  into the inlet  
of a Bendix time-of-flight m a s s  spec t rometer .  
(C4H9), 71 (C4H9N), and 85 (C4H9NZ) units were  observed,  in re la t ive  intensities 
identical to those found in azoisobutane IV. 
- n- Butyllithium. 

In one fraction mass peaks a t  57 

Reaction of t-Butyldifluoramine with 

A solution of 1. 1 g. (0.01 mole)  t-butyldifluoramine in 10 ml. hexane was 
t r ea t ed  with 26.0 ml.  (0 .04  mole)  of 2-butyllithium solution, by adding the 
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organometal l ic  reagent  dropwise ove r  a one hour per iod at  5-10'. The da rk  brown 
mixture  w a s  s t i r r ed  fo r  2. 5 h r s  at 10-25' and then t rea ted  with water .  
solution w a s  separa ted  and dr ied  over  anhydrous Na2S04 while the aqueous solution 
was  analyzed and found t o  contain 0.197 g. (0.0104 mole,  52.00/0) of fluoride ion. 
The solvent was evaporated f r o m  the  organic  solution and the residual  brown oil was  
disti l led to  yield 0.32 g. of a liquid, b.p. 79-82'/0. 3 min. On the bas i s  of infrared 
and  spec t ra l  data ,  the liquid product  was  identified as N ,  N ,  di-3-butyl-L-butylamine. 

The organic 

Reaction of Trityldifluoramine with g- Butyllithium - .-I_--II 

A solution of 5 .9  g. (0.02 mole)  of trityldifluoramine, m.p. 8O-8l0C, i n  40 ml. 
of hexane was cooled to 0' i n  a 200 ml. three-neck  f lask while 25.8 ml. (0 .04  mole) 
of E-butyllithium solution was added dropwise with s t i r r ing  over  a 1. 5 hr .  period. 
A deep r ed  color developed as the butyllithium came into contact with the hexane 
solution, but the color  changed to a br ight  yellow on continued s t i r r ing  at  5-10'. At 
the completion of the addition, the solution was  allowed to come to room temperature  
and i t  w a s  s t i r r ed  at  25' f o r  2 hr .  
phase w a s  separated,  washed with water  and dr ied over  anhydrous Na2S04. The 
solvent was  evaporated, leaving 5. 72 g. of brown semi-sol id .  The mater ia l  was 
kept under 0 .5  mm p r e s s u r e  for  1 hr . ,  a l iquid nitrogen t r ap  being employed to 
collect  any liquid dis t i l la te .  A liquid (0. 3 g. ) was  obtained and submitted fo r  in- 
f r a r e d  analysis. It showed very  s t rong absorpt ions indicative of 0 -H ,  aliphatic 
C-H, C-CH3, C-OH and -(CH2),>4. In addition, a medium strength band a t  1710 
cm-1  (c=o) was a l so  present .  

Water  was  then added to the mixture ,  the organic 

The residue was  recrys ta l l ized  f r o m  MeOH to yield 2. 15 g. (42%) .of yellow 
c rys t a l s ,  m.p .  112-1 13', which w e r e  identified by inf ra red  and elemental analysis 
as N-phenylimidobenzophenone (benzophenone anil) .  

The physical constants are in  excellent agreement  with the l i t e ra ture  (m. p. 
113-1 140 "). 

The methanol solution f r o m  the recrystal l izat ion was  evaporated to dryness  
t o  yield 3.3 g.  of a mix tu re  of trityldifluoramine and N-phenylimidobenzophenone. 
In  addition, the in f r a red  spec t rum of this ma te r i a l  showed weak absorptions due 
t o  aliphatic C-H, C=O and C-N o r  C=C. 

A solution of 1 .48  g .  (0.005 mole)  of trityldifluoramine in  30 ml. hexane was 
t rea ted  with 6 .5  ml. (0.01 mole)  of 2-butyllithium solution as in Section 1. Water 
was  added to the react ion mixture  and the organic phase was  separated and washed 
with fou r  100-ml port ions of dis t i l led water .  The combined aqueous washings were  
t r ans fe r r ed  to a .500 ml. volumetr ic  f lask and adjusted to  volume with disti l led water .  
This  solution w a s  found to contain 146 mg. F- (0.0077 mole,  7770) and 0.0028 mole OH-; 

11. Weston and Michaels, J. Am. Chem. Soc . ,  73, 1381 (1951). 

.- ..... . . -. . - . ____  _ _ _  -. .. - .- , 

, . . . .. ... . . .. . _. . .. ---- - .. .. . .... . . .. . 



The hexane solution was  dr ied over  Na,SO, and the solvent evaporated. The 
residue was taken up in  CHzC1, and chromatographed on alumina. The chromato-  
g r a m  w a s  followed by the yellow band which moved down the column. This  yellow 
CH,Cl, eluate was  evaporated to dryness  and the residue was  recrys ta l l ized  f r o m  
e ther  to yield 0.92 g. (0.0036 mole,  72%) benzophenone anil ,  m.p .  112-113'. The 
column was eluted with MeOH and the solvent was  evaporated to give 0. 1 3  g. of 
brown solid. The inf ra red  spec t rum of this ma te r i a l  showed s t rong absorptions 
indicative of aliphatic C-H, a romat ic  C-H,  C = N  o r  C=O (1660 cm-1) .  a t r ace  of 
N - F ,  and substituted aromatic .  

t - Butyl - .difluoramine and Nitric Acid . .. . . .. . ._ .. ... ._ 

1. t-Butyldifluoramine (1.02 g . ,  9 . 3  mmoles)  was  condensed under  vacuum into a 
f lask containing 10 ml. (150 mmoles)  of concentrated HN03. The mixture  was 
warmed to room tempera ture  and s t i r red .  The p r e s s u r e  rose  to 210-220 mm. and 
remained constant for  16 h r .  After th i s  period, the Dressure  r o s e  within 1-1 /2  h r .  
to 730 m m . ,  with the evolution of brown gas. On cooling the react ion f lask t o  -70°, 
the p r e s s u r e  dropped to 340 mm.  A sample of this gas  was  subjected to in f r a red  
analysis  and found to contain C-H (3.33/6. 75p), C-CH3 (7.27p), N20 ( 4 . 5 p ) ,  N 2 0 4  
(5 .72/6.15p) ,  N-F(at t r ibuted to s tar t ing mater ia l ,  10.30/11. 35p), N03F (10.85/ 
12.65/13.90p), COz (4. 35/15.96,;), SiF4 (9.75p), and NOCl (presumably f r o m  at tack on 
NaCl window, 5. 53/5.58p). Mass  spec t romet r ic  analysis  confirmed the presence  of 
s tar t ing difluoramine, CO, a n d / o r  N 2 0 ,  %Fa,  and N03F,  and establ ished the 'absence 
of H, and Oz. 
components, but no additional products. 
to  remove organic  products. 
of alkyl ni t r i te  and n i t ra te  (C-H a t  3.51/6. 9011, possible C-CH3 a t  7.28p, C-ON0 
a t  6.41p, and C-ON02 a t  6. lop). 

A second gas  sample  taken at 0' was  found to contain some  of these 
The acid solution was  extracted with pentane 

Infrared analysis  of this ex t rac t  revealed the  presence  

2 .  
into a 50 ml. round-bottomed flask, which was fi t ted with a magnet ic  s t i r r ing  ba r  
and a suitable adapter ,  and attached to a vacuum line. 
Nz bath and the f lask was  evacuated. The acid w a s  melted and re f rozen  twice, with 
evacuation to  effect degassification. 
was  evaporated into an  evacuated cal ibrated s torage bulb to the calculated p r e s s u r e  
and then condensed into the f lask with liquid N,. The reac tor  por t ion  of the l ine (with 
manometer)  was closed off, and the f lask was  allowed to w a r m  to  room temperature .  
The mixture  was s t i r r ed  a t  26-29' for  24 h r . ,  during which the p r e s s u r e  remained 
essent ia l ly  constant (186-198 mm. Hg). The liquid mixture  became yellow, but no 
brown fumes appeared in the vapor space.  

Concentrated n i t r ic  acid (0. 67 ml., 10.0 mmoles)  was del ivered by pipet 

The acid was  frozen in a liquid 

t--Butyldifluoramine (1.09 g . ,  10.0 mmoles)  

Gas samples  for  in f ra red  and m a s s  spectral  analyses  were  taken, with the 
react ion f lask  a t  25' and -78'. 
- t-butyldifluoramine and some additional N - F  mater ia l ,  and a t r a c e  of NO3F. 

Both samples  contained an alkyl n i t ra te ,  N20, 

The liquid react ion mixture  was extracted with CC14. Inf ra red  analysis  of 
the ex t rac t  did not indicate any additional products .  
evaporated to d ryness  a t  room tempera ture  and a few needle c rys t a l s  were  r e -  
covered. 
Attempts to dehydrate the small amount of product which remained  w e r e  unsuccessful. 

The aqueous residue was 

The inf ra red  spec t rum of this  solid showed only absorpt ions due to  water .  
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Trityldifluoramine and Ni t r ic  Acid 

1. Recrystall ized tri tyldifluoramine (1.0 g., 3 . 4  mmoles ,  m.p .  80-81.5') 
and a small magnetic s t i r r ing  b a r  were  placed in the bottom of a reaction tube 
having a small  side chamber .  
was  placed in  the side chamber  and the tube was connected to a vacuum line by means 
of s tandard taper joints. 
bath and the sys tem was  evacuated. 
rotated so that the n i t r ic  ac id ,  as it melted, flowed onto the trityldifluoramine. 

Concentrated (70%) n i t r ic  acid (2.  5 ml., 38 mmoles)  

The n i t r ic  acid was  f rozen  by immers ion  in  a liquid nitrogen 
The cold bath was removed. Then the tube was 

400 mm. in 2.5 h r .  ( s y s t e m  volume - 180 ml. ) and then remained constant. 

After 24 h r . ,  the reac t ion  mixture  was  cooled to -78', and a gas  sample was 
taken for  analysis, 
p re sence  of NOz, N,O, SiF4, and either NOCl o r  N 0 2 F .  

In f r a red  and m a s s  spec t romet r ic  examination revealed the 

The resulting s l u r r y  w a s  s t i r r e d  at  22-25' fo r  24 h r .  The reaction mixture  

vapor  space. 
bubbled and became progress ive ly  da rke r  and brown fumes w e r e  observed in  the 

The p r e s s u r e  r o s e  exponentially to reach  a maximum of approximately ,- I' 
The reaction tube w a s  then warmed to room tempera ture ,  flushed with nitrogen, 

and opened.' 
f r o m  d a r k  brown to br ight  orange) and the solid product was removed by filtration. 
The f i l t r a t e  was  neut ra l ized  with Na2C03 (color changed f rom pale amber  to brown) 
and extracted with benzene. 
of the benzene ex t rac t .  
but not to the original shade. 
determinat ion of fluoride ion. 

The reac t ion  mixture  was diluted with distilled water  (color changed 

No residue was obtained upon evaporation of an aliquot 
Reacidification of the aqueous layer lightened the color, 

The remaining color was  too intense to permi t  the 

The orange solid product  was  washed with water ,  dried i n  vacuum over  PzO5, 
The f i r s t  fraction, 420 mg . ,  and chromatographed on a n  alkaline alumina column. 

yellow to pale orange  c r y s t a l s  eluted'with pentane-benzene, proved to be the 
principal constituent of t h e  mixture .  
to give a nearly co lo r l e s s  compound, m.p. 162.5-163'. 
was  identical with that of triphenylcarbinol (lit. l 2  m.p. 162. 5'). 

It was recrys ta l l ized  f r o m  pentane-benzene 
Its in f ra red  spec t rum 

A&. Calcd. f o r  ClgH160: C, 87.66; H, 6.20. 

Found : C, 87.06/87.21; H, 6 .29/6.41.  

2.  
magnet ic  st irring b a r ,  i n  a t e s t  tube having a s tandard taper g lass  joint. 
was  flushed with dry  nitrogen and placed in  a liquid nitrogen bath. Concentrated 
H N 0 3  (0.67 ml. , 1 0  mmoles )  was introduced slowly and allowed to f reeze  on the 
side of the tube without contacting the trityldifluoramine. The reaction tube was 
then connected y& a suitable adapter to a vacuum system, evacuated, and allowed 
to w a r m  to  room tempera tu re .  
a sample  of the gaseous products  ( p  = 55 mm.  i n  180 ml.) was taken i n  an evacuated 
cell.  
reaction mlxture w a s  diluted with distilled water  and the yellow insoluble product 
was removed by f i l t ra t ion .  The yellow aqueous f i l t ra te  was extracted th ree  t imes 
with methylene chloride,  the third ex t rac t  contained very  l i t t le color,  although the 

Trityldifluoramine (2 .  95 g . ,  10 mmoles)  was placed, along with a smal l  
The tube 

After the mixture  was s t i r r e d  for  18 h r .  a t  25-28', 

The system was  then filled with nitrogen to atmospheric  p re s su re .  The 

- - - - . . .- .. .. . .. . .. __ ... .- . . . . - . . ~ .. ----m.c 

12. N. A. Lange, Handbook of Chemis t ry  
-. - ...__ __ ~ ._----c 
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aqueous solution remained a strong yellow. 
became orange in color,  as did the solid product on the f i l t e r .  

On standing, the combined ex t rac ts  

Infrared analyses  of the gas sample and the methylene chloride extract  
(differential v s .  solvent) showed no significant absorptions.  The aqueous solution 
was found to contain 7.41 meq. of f r ee  acid and 2 5  mg. (1 .3  meq.)  of fluoride ion. 
The infrared absorption spec t rum of the bright yellow-orange solid (m. p. 79-81') 
was superimposable upon that of trityldifluoramine. 
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The Formation of N-Isopropylidene-N-fluoro-N-methylammonium 
Ion f r o m  p b t y l d i f l u o r a m i n e  

I(. Baum 

Chemical Products Division 
Aero jet-General Corporation 

Von Kannan Center 
Azusa, Cal i fonr ia  

The reaction of tr iphen lmethyldifluoramine with concentrated sulfluic acid has been 
r e q r t e d  by Graham and Parke J to give difluoramine and triphenylmethyl cation. 

r-. 

=> (C6%)3CA + ENF2 (c6%)3mF2 

Thus, the difluoramino e n t i t y  functions a s  a leaving group under the driving force of the 
formation of the highly s t a b l e  trityl cation. 
type o f  cleavage would occur in the  reac t ion  of ac ids  with another difluoramine derivative 
t h a t  is not  capable of producing such a highly s t ab i l i zed  carbonium ion. 
might be inert o r  i t  might undergo an alternative mode of degradation. 

It was o f  interest to determine whether this 

The compound 

Reactions of kbuty ld i f luoramine  with ac ids  were studied i n  the present work. The 
synthesis of this compund has been reported by Pe t ry  and Freeman2 by the reaction of 
azoisobutane with tetrafluorohydrazine: 

The reaction of kbuty ld i f luoramine  with concentrated sulfuric acid w a s  first 
examined by introducing a sample of this N-F compound into an evacuated glass bulb 
containing sulfuric acid. The pressure in the bulb began to decrease immediately, and 
w a s  reduced to  6$ of the  molar t heo re t i ca l  value in four  hours and to 5% i n  two days. 
The in f r a red  spectrum of the remaining gas  showed that i t  w a s  mainly s i l i con  tetrafluoride,  
and that no difluoramine was present. 
tr i tyldifluoramine with su l fu r i c  acid. 

Thus, this reac t ion  i s  not analogous to that of 
A product soluble i n  sulfuric acid was formed. 

The nature of this product w a s  examined by nuclear magnetic resonance spectroscopy. 
A f r e sh  so lu t ion  was prepared by shaking a mixture of i-butyldifluoramine and su l fu r i c  
acid i n  a stoppere test tube. A c lea r  so lu t ion  was formed i n  about ten  minutes. The 

constant of 18.7 c.P.s., a complex m u l t i p l e t  a t  156 C.P.S. and a small s ing le t  at  2.90 
p.p.rn. which increased with time. The pos i t ion  of the s i n g l e t  w a s  i den t i ca l  with that 
of a so lu t ion  of acetone i n  sulfuric acid, indicating that acetone w a s  a decomposition 
product of the i n i t i a l  product. 

proton NMR spec t  2 a t  60 m.c. consisted of a doublet a t  4.09 p.p.m. with a coupling 

The 56.4 m.c. $' NMR spectrum of the s u l f u r i c  ac id  so lu t ion  w a s  recorded using 
t r i f l uo roace t i c  ac id  as an externa l  standard. 
resolved quar te t  a t  -141.57 p.p.m. with s p l i t t i n g  of apprordmately 15 c o p ~ s o o  and a 
singlet at  -116.8 p.p.m. The l a t t e r  resonance w a s  assigned to  €IF; its posit ion was 
iden t i ca l  t o  that of a so lu t ion  of HF in sulfuric acid. 

The spectrum consisted of a p a r t i a l l y  
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The observed N’blR peaks are those which would be expected f o r  the N-fluoro-N-methyl- 
isopmpylidenimmonium ion, a species having carbonium and immonium resonance contributions. 

Thus, the F19 spectrum indica tes  coupling of a f luor ine  to  three protons. The 
proton doublet a t  4.09 p.p.m. i s  assigned to  the N-methyl p u p  and the  156 c.p.13. peak, 
to the C-methyls. 

The formation of the N-fluoro-N-methylisopropylidenimmoniu i on  can be ra t ion ized  
, 

as a nucleophilic methyl migration with f luor ide  leaving: 

This rearrangement w a s  a l so  affected by a Lewis acid, When a mixture of boron 
t r i f l uo r ide  and nitrogen was bubbled through a so lu t ion  of t-butyldifluoramine i n  pentane 
a t  -78O, a white so l id  precipitated.  
d r ied  under vacuum to give a €@ yie ld  of N-fluom-N-methylisopmpylidenimmonium fluo- 
borate e 

Tkis so l id  w a s  f i l t e r e d  under n i t rogen  and w a s  

This salt w a s  extremely hygroscopic, but a sa t i s f ac to ry  elemental ana lys i s  was 
obtained on a sample that w a s  handled i n  a dry  box. 

Found: C, 26.9; H, 5.22; N,  7.80; F, 51.9. 

The reac t ion  of kbutyldifluoramine with boron t r i f l u o r i d e  a lso  took place i n  the 
absence of solvent at - 7 8 O ,  and in l iqu id  s u l f u r  dioxide a t  its boi l ing  point. 

Ths proton NMR spectrum of the fluoborate w a s  obtained us ing  concentrated sulfuric 
The resulting spectrum was i den t i ca l  t o  that of the so lu t ion  that acid as the  solvent. 

was prepared by treating i-butyldifluoramine with concentrated s u l f u r i c  acid. The F19 
NMR spectrum of this so lu t ion  consisted of a quar te t  a t  -141.5 p.p.m., with a coupling 
constant o f  18.5 capos., and s ing le t s  at  -116.9 p.p.m. and 47.5 p,p.m. 
of the quar te t  i s  within experimental error of that o f  the sulfuric ac id  catalyzed 
rearrangement product of kbutyldifluoramine. The latter two peaks w e r e  a l so  found i n  
the F19 spectrum of a so lu t ion  prepared by adding commercial aqueous f luobor ic  acid t o  
concentrated sultbric acid. 
band is  sh i f ted  somewhat f r o m  that of a solution of BF3 in sulfuric ac id  (+65.82 p.p.m.). 

. 
The pos i t ion  

The -116.9 p.p.m. band corresponds to HF but the 47.5 p.p.m. 

equilibrium of HBFh with IIF and BF3 is  well known in aqueous solutions.4 
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Although the fluoborate w a s  very hygroscopic and decomposed rapidly when i t  w a s  
exposed to the atmosphere, i t  did not  change under prolonged storage under dry nitrogen 
a t  mom temperature. 
as i t s  2,44initrophenylhydrazone. 

The addi t ion  of the s d t  t o  water gave acetone, which w a s  i so la ted  

The d i f f e ren t  paths followed by the react ions o f  t r i tyldif luoramine and &butyl- 
difluoramine with acids ,  G N  cleavage f o r  the former and N-F cleavage with rearrangement 
f o r  the l a t t e r ,  are para l le led  by the react ions of the corresponding azides with su l fur ic  
acid. 
t r i t y l  cat ion and hydrazoic acid.5 

Thus, tritgl azide in concentrated sulfuric acid ex i s t s  i n  equilibrium with the 

6 
Tertiary alkyl azides, on the other  hand, rearrange t o  the corresponding Schiff bases. 

The N-fluom-N-methylisopropylidenimmonium salts are the first members o f  a new 
c l a s s  of compounds po ten t i a l ly  usefu l  in organic synthesis. 
rearrangement of a&yldifluoramines catalyzed by Lewis o r  protonic acids is being 
investigated. 

The general i ty  o f  the 
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HYDROLYSIS OF THE NITROGEN FLUORIDES 

Gerald L Hurst  and S. I .  Khayat 
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Cleveland 6 ,  Ohio 

BASIC HYDROLYSIS' OF NF3 

Nritrogen t r i f l u o r i d e  i s  extremely r e s i s t a n t  t o  chemical  a t t a c k  by 
water and aqueous a c i d ;  t h e  compound can be recovered  q u a n t i t a t i v e l y  
a f t e r  one week i n  c o n t a c t  w i th  excess  d i l u t e  a c i d  (HN03. H2S04, 
HC104) or pure water  a t  133°C. I n  t h e  presence  of aqueous base,  how- 
e v e r ,  slow h y d r o l y s i s  occurs  a t  100°C y i e l d i n g  n i t r i t e  and f l u o r i d e .  

I 100°C. 
NF3 + 4 OH- NOn- + 3F- + 2H20 

This  behavior  d i f f e r s  s h a r p l y  from t h a t  of n i t r o g e n  t r i c h l o r i d e ,  
which i s  known t o  g i v e  ammonia and hypoch lo r i t e  under  s i m i l a r  con- 
d i t i o n s .  The l a t t e r  products  a r e  r e a d i l y  exp la ined  i n  terms of 
n u c l e o p h i l i c  a t t a c k  d i r e c t e d  a t  t h e  c h l o r i n e  atoms, a mechanism which 
appea r s  r easonab le  i n  view of t h e  f a c t  t h a t  t h e  e l e c t r o n e g a t i v i t i e s  
of N and C 1  a r e  ve ry  n e a r l y  t h e  same and t h a t  t h e  ha logen  may e a s i l y  
expand i t s  va lence  s h e l l .  Obviously, t h e s e  c o n s i d e r a t i o n s  cannot be 
a p p l i e d  t o  t h e  n i t r o g e n  t r i f l u o r i d e  molecule  s i n c e  f l u o r i n e  i s  con- 
s i d e r a b l y  more e l e c t r o n e g a t i v e  t h a n  n i t r o g e n  and i t  has  no a v a i l a b l e  
d o r b i t a l s .  Although t h e  n i t r o g e n  atom a l s o  has  no  f r ee  o r b i t a l s ,  
t h e  r e l a t i v e l y  low e l e c t r o n  d e n s i t y  would a t  l eas t  o f f e r  less  re- 
s i s t a n c e  t o  t h e  approach of a nuc leoph i l e  

.- 

The proposed i n t e r m e d i a t e  HONF2 would be expec ted  t o  be u n s t a b l e  w i t h  
r e s p e c t  t o  t h e  loss of HF, a s  i s  a p p a r e n t l y  t h e  case  w i t h  t h e  unknown 
p e r f  l u o r o  a l c o h o l s  . 
Two o t h e r  r e a c t i o n  modes worth c o n s i d e r i n g  i n c l u d e  t h e  format ion  of 
an  . i n t e rmed ia t e  a c t i v a t e d  complex w i t h  water 

P 
OH- > Products  Slow 

NF3(aq.) NF3 ( a s . )  Fas t  I11 

and t h e  i n t r i g u i n g  but u n l i k e l y  r e v e r s i b l e  i o n i z a t i o n  of MF3. 
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o r  

V 
Slow 

Pre l imina ry  experiments  i n d i c a t e d  t h a t  the  ra te  of r e a c t i o n  o f  
gaseous NF3  w i th  c a u s t i c  soda s o l u t i o n  i n  a s t a t i c  system was first 
o r d e r  w i t h  r e spec t  t o  N F 3  w i t h  l i t t l e  dependence on t h e  i n i t i a l  con- 
c e n t r a t i o n  of the base. Although t h e s e  obse rva t ions  a r e  appa ren t ly  
c o n s i s t e n t  w i t h  the  f i r s t  o r d e r  equa t ions  I11 and I V  more d e t a i l e d  
s t u d i e s  show t h a t  these r e s u l t s  a r e  mis leading .  

I? t h e  r e a c t i o n s  were f i rs t  o r d e r  i n  N F 3  only,  t he  r a t e  of decrease  
of t h e  p a r t i a l  p r e s s u r e  ( P )  of N F 3  w i t h  time ( T )  i n  a c losed  sys t em 
should  be g iven  by t h e  fo l lowing  equa t ions  

where Vo i s  the  volume a v a i l a b l e  t o  gaseous N F 3 ,  Vc i s  the  volume of 
t he  c a u s t i c  soda s o l u t i o n  and Po i s  t h e  i n i t i a l  p r e s s u r e  o f  NF3 .  The 
assumption is  made tha t  a Henry ' s  l a w  e q u i l i b r i u m  i s  e s t a b l i s h e d  be- 
tween gaseous  and  d i s s o l v e d  NF3. 

I n  F ig .  1 t h e  r e s u l t s  of a number of experiments  a r e  shown p l o t t e d  
a c c o r d i n  The p o i n t s  
of  l i n e  'B" and group 
J. Bronaugh. The l i n e  "B" was ob ta ined  from a ser ies  of experiments  
i n  which samples of NF3 (4.83-7.16 m o l e )  a t  a cons t an t  i n i t i a l  
ppessu re  of one atmosphere were al lowed t o  r e a c t  w i t h  20 m l  of 0.5 N 
NaOH i o r  vary ing  l e n g t h s  of time. The cu rva tu re  of t h e  l i n e  c l e a r l y  
sugges t ed  t h a t  t h e  s t e a d i l y  dec reas ing  hydroxyl  i o n  concen t r a t ion  
( u p  t o  9CF: n e u t r a l i z a t i o n )  does indeed t end  t o  decrease  the r e a c t i o n  
ra te ,  but  t h e  e f f e c t  i s  much less  than  would be expec ted  for the 2nd 
o r d e r  equa t ion  

t o  t h e  i n t e g z a t e d  form of t h e  rate equat ion .  
A "  were c a l c u l a t e d  from d a t a  f u r n i s h e d  by H .  

N F 3  + OH- + Products  V I  

The group of  p o i n t s  " A "  was de r ived  from r e a c t i o n s  invo lv ing  samples 
of N F 3  a t  i n i t i a l  p r e s s u r e s  ranging  from 0.25 t o  2 atmospheres (1.7- 
8.7 mmole) and 30 m l  o f  0 .5  NaOH. The p o s i t i o n s  of t he  top  f o u r  
p o i n t s  of t h i s  group,  which were ob ta ined  from simultaneous runs,  
a g a i n  i n d i c a t e  t h a t  t h e  e x t e n t  o f  convers ion  of NF3 depends on the  
c o n c e n t r a t i o n  of OH-. Thus t h e  h e i g h t  of t h e  i n d i v i d u a l  p o i n t s  de- 
c r e d s e s  i n v e r s e l y  w i t h  t h e  cor responding  degree of n e u t r a l i z a t i o n  of 
the  c a u s t i c  soda. More impor tan t ,  however, i s  the  f a c t  t h a t  group 
" A "  l i e s  w e l l  below "B" showing t h a t  t h e  r e a c t i o n s  invo lv ing  2 0  m l  
of base were more than  2 / 3  as Cast  a s  t hose  w i t h  30 m l .  S ince t h e  
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FIGURE 2 . HYORMYSIS OF N2Fq AT 60'C 
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s o l u t i o n s  were c o n t a i n e d  i n  up r igh t  "Teflon" cups of i d e n t i c a l  dia- 
meter i n  each case ,  the  data i n d i c a t e  t h a t  t h e  rate of conversion of 
NF3 was s i g n i f i c a n t l y  in f luenced  by t h e  a v a i l a b l e  s u r f a c e  a r e a .  
Presumably, t h e  NF3 f a i l e d  t o  reach  an  e q u i l i b r i u m  c o n c e n t r a t i o n  i n  
s o l u t i o n  i n  s p i t e  of t he  long r e a c t i o n  times. The dependence of t h e  
r e a c t i o n  r a t e  on t h e  a r e a  of t h e  gas-1iq;j.d i n t e r f a c e  was confirmed 
i n  t h e  experiment  r e p r e s e n t e d  by p o i n t s  D" and " C "  i n  which the  
s u r f a c e  a r e a s  of t h e  s o l u t i o n s  ( 2 0  ml 0.5 N NaOH) were reduced from 
10.8 cm2 t o  8 .0  and 4 .4  cm* r e s p e c t i v e l y .  

The a p p a r e n t l y  small e f f e c t  o f  t h e  i n i t i a l  OH- c o n c e n t r a t i o n  on the 
r a t e  of h y d r o l y s i s  of NF3 is  probably  due n o t  on ly  t o  t h e  s u r f a c e  
a r e a  phenomenon d e s c r i b e d  above, but a l s o  t o  a r educ t ion  i n  the  solu- 
b i l i t y  o f l l t h e  gas  r e s F l t i n g  from inc reased  i o n i c  s t r e n g t h .  
proposed s a l t i n g - o u t  e f f e c t  Is demonstrated i n  the  experiments  re- 
p r e s e n t e d  by p o i n t s  "E", "F" and " G " .  I n  ''E", 1.0 N NaOH (30 c c )  was 
used  i n  p l ace  of t h e  0 .5  N c a u s t i c  soda employed by H. J .  Bronaugh 
for group " A " .  y e t  the  e x t e n t  of r z a c t i o n  was approximately the  same. 
H a l f  normal NaOH was a l s o  used i n  F" and "G" but  t h e  t o t a l  i o n i c  
s t r e n g t h  of t h e  s o l u t i o n s  was inc reased  t o  t h e  e q u i v a l e n t  of 1 . 0  N 
N a O H  by t h e  a d d i t i o n  of NaF and NaN03 r e s p e c t i v e l y .  I n  each  of the  
l a t t e r  experiments  t h e  r e a c t i o n  r a t e  was s i g n i f i c a n t l y  lowered, i n -  
d i c a t i n g  t h a t  i n h i b i t i o n  due t o  r i s i n g  i o n i c  s t r e n g t h  t ends  t o  p a r t l y  
o f f s e t  t he  a c c e l e r a t i o n  a s s o c i a t e d  wi th  i n c r e a s i n g  OH- concen t r a t ion .  
In  t h i s  conne,ction i t  should  be noted  t h a t  concen t r a t ed  NaOH ( 1 2  N )  
r e a c t s  extremely s lowly  w i t h  NF3. 

It i s  of i n t e r e s t  t ha t  t h e  rate of basic h y d r o l y s i s  i s  decreased  t o  
e x a c t l y  t h e  same e x t e n t  ( w i t h i n  the experimenta 1 accuracy)  by equi- 
v a l e n t  amounts of NaF o r  N a N 0 3 .  I f  t h e  r e a c t i o n  involved  mechanism 
V,  NaF would be expec ted  t o  a c t  a s  a n  i n h i b i t o r  by s h i f t i n g  the  
e q u i l i b r i u m  t o  t h e  l e f t .  Thus i t  appea r s  that  t h e  r e a c t i o n  proceeds 
v i a  t h e  n u c l e o p h i l i c  mechanism g iven  i n  equa t ion  11. 

The 

R E A C T I O N  OF NF3 WITH AQUEOUS H C 1  

Add i t iona l  suppor t  for the  proposed n u c l e o p h i l i c  mechanism of t h e  
b a s i c  h y d r o l y s i s  h a s  been provided  by a s t u d y  of o t h e r  aqueous 
systems such as h y d r o c h l o r i c  a c i d .  Although N F 3  i s  u n a f f e c t e d  by 
prolonged c o n t a c t  w i t h  e i t h e r  pu re  H C 1  or pure water a t  l33"C, the  
compound r e a c t s  s lowly  w i t h  aqueous H C 1  a t  t h i s  tempera ture ,  y i e l d i n g  
p roduc t s  which v a r y  w i t h  t h e  c o n c e n t r a t i o n  of t h e  a c i d .  N i t r i c  oxide 
and n i t r i c  a c i d  are formed by t h e  d i l u t e  s o l u t i o n  (0 .5 N )  

D i l .  H C 1  
V I  I 3NF3 + 6H20 3HN02 + 9HF 

173"C, 
L.-H?--+ 2N0 + NO3 + H 2 0  

wh i l e  t he  more h i g h l y  concen t r a t ed  r eagen t  ( 4  N )  y i e l d s  e lementary 
n i t r o g e n  and c h l o r i n e .  

H2 0 
2NF3 + 6 ~ ~ 1  133°C %2 + 3 C 1 2  + 6HF V I 1 1  

I 

/ 

/ 
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6 s  i n  t h e  case  of  t h e  b a s i c  h y d r o l y s i s  t h e  r a t e  of convers ion  of NF3 
was found t o  vary  only  s l i g h t l y  w i t h  t h e  s t r e n g t h  of the  s o l u t i o n .  
The f h c t  t h a t  NF3 r e a c t s  w i t h  aqueous H C 1  bu t  n o t  with t h e  pure com- 
pound c l e a r l y  s u g g e s t s  t h a t  i o n i c  a t t a c k  i s  involved .  The a c t i v e  
s p e c i e s  i n  the  r e a c t i o n  i s  almost  undoubtedly C 1 -  s i n c e  i t  has been 
shown t h a t  whi le  NF3 i s  i n e r t  t o  many a c i d s ,  i t  r e a c t s  r e a d i l y  w i t h  
ho t ,  n e u t r a l  sodium c h l o r i d e  s o l u t i o n  ( 4  N ) .  

REACTION OF NF3 WITH AQvEOUS NUCLEOPHILES 

F u r t h e r  i n d i r e c t  ev idence  f o r  t h e  p o s t u l a t e d  n u c l e o p h i l i c  behavior  of 
C 1 -  and OH- has  been ob ta ined  from a ser ies  of experiments  i n  which 
NF3 was al lowed t o  r e a c t  w i t h  s o l u t i o n s  con ta in ing  a n i o n s  of vary ing  
n u c l e o p h i l i c  s t r e n g t h .  It was found t h a t  f o r  t hose  s p e c i e s  t e s t e d  
t h e  e x t e n t  o f  r e a c t i o n  w i t h i n  a g iven  t i m e  and tempera ture  range i n -  
c r eased  monotonica l ly  w i t h  the accep ted  va lue2  of the nucleo-  
p h i l i c i t y  o? the  an ion .  Furthermore, a l though  NF3 d i d  no t  r e a c t  w i t h  
a c i d  s o l u t i o n s  of weak nuc leoph i l e s ,  t h e  r e a c t i o n  rate w i t h  h a l i d e s  
was incre;rsed by t h e  presence  of  hydronium ion ,  a s  would be expec ted  
for an  Sn2 mechanism invo lv ing  t h e  l o s s  of f l u o r i d e  

+ F2N-F + H30+ FzN-FH + H 2 0  
X 

The r e s u l t s  of a number of experiments  i nvo iv ing  n u c l e o p h i l i c  
r e a g e n t s  a r e  l i s t e d  i n  Table  I .  I n  t h e  s t r i c t e s t  sense  i t  i s  not  
p o s s i b l e  t o  compare the  r e l a t i v e  degrees  of r e a c t i o n  s o l e l y  on t h e  
b a s i s  of  t h e  n u c l e o p h i l i c i t y  of the s t a r t i n g  m a t e r i a l  because ' r e -  
a c t i v e  i n t e r m e d i a t e s  may i n f l u e n c e  t h e  o v e r a l l  convers ion  rate.  The 
vary ing  s t o i c h i o m e t r i e s  a l s o  impose r e s t r i c t i o n s  f o r  t h o s e  exper i -  
ments whicii i nvo lve  small q u a n t i t i e s  of aqueous reagent  and a r e  t h u s  
s u b j e c t  t o  unequal  changes i n  c o n c e n t r a t i o n  f o r  a g iven  amount of 
NF3 reac t ed .  I n  s p i t e  of  t h e s e  l imi ta_ t ions  the data c l e a r l y  in -  
d i c a t e  t h a t  t h e  r e a c t i o n  r a t e s  i n c r e a s e  w i t h  n u c l e o p h i l i c  s t r e n g t h  
i n  t h e  o r d e r  

- 
 NO^-, c104-, so4= < < c1- < B r -  < OH- cr I- < s203- 

REACTIONS OF NF3 WITH ELECTROPHILES 

I n  h i s  e a r l y  work on NF3 Ruff3 r e p o r t e d  t h a t  t h e  compound was s t a b l e  
t o  P.lC13 a t  red h e a t .  I n v e s t i g a t i o n s  i n  t h i s  l a b o r a t o r y  show t h a t  
NF3 does r e a c t  w i th  A 1 C 1 3  under  mild c o n d i t i o n s  (80°c ,  4 days )  t o  
produce n i t rogen  and c h l o r i n e .  

* 135°C. The peac t ion  presumably invo lves  coord ina t ion  of a f l u o r i n e  
atom or' NF3 t o  t h e  vacant  orbital of the aluminum atom, as is  be- 
l i e v e d  t o  be t h e  case  wi th  t h e  c h l o r i n a t i o n  o f  f l uo roca rbons  by 
A l C l 3 .  

Chlor ine  i s  l i b e r a t e d  r a p i d l y  a t  

Reac t ions  conducted i n  a Te f lon  I R  c e l l  gave no evidence f o r  
t h e  format ion  of  gaseous  i n t e r m e d i a t e s  such as NF2C1. 
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Nitrogen t r i f l u o r i d e  is  r e a d i l y  conver ted  t o  ammonium i o n  by a c i d i c  
or n e u t r a l  f e r r o u s  s u l f a t e  s o l u t i o n  a t  60"c.  

4H'+6Fef2 + NF3 + NH4+ + 3F- + Gpef3 XI 

I n  a t y p i c a l  experiment NF3 (3.18 mmole, Po = 0.69 atm) was main ta ind  
i n  con tac t  w i t h  the  aqueous s a l t  (20 m l ,  0 .5  IJ) f o r  12 days,  r e s u l t i n g  
i n  t h e  d e s t r u c t i o n  of about  44 p e r  cen t  of t h e  NF3. 

F e r r i c  c h l o r i d e  s o l u t i o n s  r e a c t  very  s lowly wi th  NF3 a t  100°C; t h e  
FeC13 a c t s  a s  a h y d r o l y s i s  c a t a l y s t ,  y i e l d i n g  n i t r i c  ox ide  and 
n i t r a t e .  T h i s  c a t a l y s i s  i s  not  a g e n e r a l  p r o p e r t y  o f  t h e  t r a n s i t i o n  
me ta l  i o n s  a s  shown by the t o t a l  i n e r t n e s s  of N F 3  t o  s o l u t i o n s  of 
CoCl2, MnS04, CuS04 and NiS04 a t  100°C over  pe r iods  up t o  seven days. 

HYDROLYSIS OF N2F4 

Din i t rogen  t e t r a f l u o r i d e  reacts more r e a d i l y  t h a n  NF3 w i t h  aqueous 
s o l u t i o n s ;  a t  133°C i t  i s  r a p i d l y  des t royed  by c o n t a c t  w i t h  a c i d i c ,  
b a s i c  and n e u t r a l  s o l u t i o n s .  The r e a c t i o n  w i t h  c a u s t i c  soda pro- 
duces mainly n i t r o u s  oxide  and n i t r i t e  a long  w i t h  a t r a c e  of  n i t r o g e n .  

With water  and aqueous HC1 s i g n i f i c a n t  q u a n t i t i e s  of n i t r o g e n  and 
n i t r a t e  a r e  formed i n  a d d i t i o n  t o  n i t r i c  oxide.  S u r p r i s i n g l y ,  t h e  
amount of n i t r o g e n  produced was found t o  be g r e a t e r  w i t h  water t h a n  
wi th  4 N H C 1 ,  and i n  n e i t h e r  i n s t a n c e  was a s  much N 2  formed as i n  t h e  
co r -e spond ing  r e a c t i o n  of NF3 w i t h  4 N HC1. 
(~0-lOO"C) NzF4 is  n e a r l y  q u a n t i t a t i v e l y  conver ted  t o  NO by water  and 
d i l u t e  H C 1  ( 0 . 5  N ) .  

The r e s u l t s  of a number of experiments  on the k i n e t i c s  of the N2F4- 
H 2 0  system are summarized i n  F igure  2 .  The h y d r o l y t i c  mechanism i s  
obvious ly  complex as i n d i c a t e d  by the  long induc t ion  p e r i o d s  and the  
subsequent  exponen t i a l  i n c r e a s e  i n  t h e  r e a c t i o n  r a t e s .  The t o t a l  
time r equ i r ed  t o  comple te ly  d e s t r o y  t h e  N2F4 shows a d i f f i c u l t l y  re- 
p roduc ib le  i n v e r s e  dependence on the i n i t i a l  p r e s s u r e  of  t h i s  
compound. The e f f e c t  of N2F4 p r e s s u r e  on the o v e r a l l  r e a c t i o n  rate 
has been confirmed i n  o t h e r  experiments .  In  a t 3 i c a l  s e r i e s ,  N 2 F 4  
samples a t  c o n c e n t r a t i o n s  of 0.65, 1.27, 2.53, 3 5 and 5.22 mmole/ 
100 m l  were hea ted  wi th  water f o r  5 days a t  35"C, 6 days a t  50°C and 
6 days a t  60"c.  The f irst  t h r e e  samples ( l o w  p r e s s u r e s )  were re -  
covered q u a n t i t a t i v e l y  while the f o u r t h  and f i f t h  samples r e a c t e d  t o  
t h e  e x t e n t  of 6% and 100% r e s p e c t i v e l y .  

< 

A t  lower tempera tures  

The marked a c c e l e r a t i o n  of t h e  hydro lys i s  w i t h  time is  a p p a r e n t l y  a 
r e s u l t  of secondary r e a c t i o n s  i n i t i a t e d  by l l the  product  n i t r i c  oxide.  
The T a s t e s t  and s lowes t  r e a c t i o n  ["E"  and D " ]  i l l u s t r a t e d  i n  F ig .  2 
were conducted under  i d e n t i c a l  cond i t ions  except  f o r  the  a d d i t i o n  of 



10 mole < of n i t r i c  ox ide  t o  t h e  N2F4 i n  "E". The h y d r o f l u o r i c  a c i d  
formed a l s o  e x e r t s  a p o s i t i v e  i n f l u e n c e  on t h e  r a t e ,  bu t  t o  a lesser 
degree  t h a n  n i t r i c  ox ide .  

Both hydroch lo r i c  a c i d  ( 0 . 5  N )  and sodium hydroxide ( 2  N )  profoundly 
a l t e r  t h e  r e a c t i o n .  The h a l i d e  causes  t h e  complete d e s t r u b t i o n  of 
N2F4 a t  low p r e s s u r e s  i n  l e s s  t han  10 days whi le  t he  hydroxide 
produces a slow, s t e a d y  r e a c t i o n  w i t h  no i n d i c a t i o n  of a n  induc t ion  
p e r i o d  o r  i n c r e a s i n g  r a t e  w i t h  time ( l i n e  "F") .  

Experimental  r e s u l t s  on t h e  N2F4-H20 r e a c t i o n  were very  d i f f i c u l t  t o  
d u p l i c a t e ;  t h e  l i n e s  C and C 1 ,  which a r e  v a s t l y  d i f f e r e n t ,  were ob- 
t a i n e d  from supposedly i d e n t i c a l  runs,  u s ing  N2F4 and water from t h e  
same sources .  The l a r g e  v a r i a t i o n s  i n  r e a c t i o n  ra te  a r e  be l i eved  t o  
b e  due t o  minute amounts of oxygen remaining i n  t h e  s t a r t i n g  
m a t e r i a l s  even a f t e r  c a r e f u l  p u r i f i c a t i o n  inc lud ing  b o i l i n g  and 
vacuum degass ing  of t h e  water. I n  c o n t r o l  experiments ,  oxygen was 
found t o  be a t  l e a s t  10  times as e f f e c t i v e  a s  n i t r i c  oxide i n  pro-  
moting t h e  r e a c t i o n ;  t h e  a d d i t i o n  of about  one mole p e r  cen t  of t h e  
g a s  (based  on N2F4) t o  t h e  mixture  reduced t h e  t o t a l  convers ion  time 
by a ve ry  c o n s e r v a t i v e l y  e s t ima ted  f a c t o r  of f o u r .  

The above obse rva t ions  are c o n s i s t e n t  w i t h  t h e  fo l lowing  r e a c t i o n  
scheme : 

Slow 
N 2 F 4  + 2H20 ..d 2N0 + 4HF X I 1 1  

4NOF 
F a s t .  

2NO2 + N2F4' 

XTV 

xv 

XVI 

XVI I F a s t  
2NOF + H20- > N O 2  + NO + 2HF 

The fo rma t ion  of some n i t r o g e n  d iox ide  (eq .  X I V )  a t  60"c appears  
l i k e l y  i n  view of t h e  f a c t  t h a t  l a r g e  q u a n t i t i e s  of t h i s  g a s  were ob- 
se rved  i n  t h e  p roduc t s  of s imilar  r e a c t i o n s  a t  h i g h e r  tempera tures  
(133°C). Eyperiments i n  t h i s  l a b o r a t o r y  have confirmed t h a t  N2F4 
i s  r e a d i l y  a t t a c k e d  by NO2 ( eq .  X V I )  g i v i n g  NOF, which would i n  t u r n  
r a p i d l y  hydrolyze and t h u s  r e g e n e r a t e  t h e  NOz (eq .  X V I I )  . Inc reas ing  
a c i d i t y  would f a v o r  h i g h e r  c o n c e n t r a t i o n s  of f r e e  NO2 by s h i f t i n g  the  
e q u i l i b r i u m  (XV)  t o  t h e  l e f t .  By analogy t o  t h e  chemis t ry  of NF3 
c a u s t i c  soda might b e  expec ted  t o  be more e f f i c i e n t  t han  water i n  the  
d i r e c t  ( n u c l e o p h i l i c )  a t t a c k  on N2F4, bu t  secondary r e a c t i o n  would be 
i n h i b i t e d  by t h e  removal of NO2. ObviORSly oxygen would immediately 
conve r t  any  NO p r e s e n t  t o  N O 2 .  

HYDROLYSIS OF c i s -  AND trans-NzF2 

Few a u t h o r s  who have worked wi th  d i f l u o r o d i a z i n e  have f a i l e d  t o  
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comment on t h e  " v a s t "  d i f f e r e n c e  i n  t h e  r e a c t i v i t i e s  of t h e  two i s o -  
mers. It i s  t h e r e f o r e  s u r p r i s i n g  t h a t  trans-N2F2 i s  only  moderately 
more r e s i s t a n t  t han  cis-N2F2 t o  a t t a c k  by water. Both materials are  
una f fec t ed  by excess  water a t  60"c over  a p e r i o d  of  1 5  hours .  
c i s - i s o m e r  hydro lyzes  s lowly  a t  74°C (30% i n  17 h o u r s )  whi le  t h e  
t r a n s -  compound r e a c t s  a t  a s i m i l a r  ra te  a t  8 9 " ~ .  I n  each  case t h e  
major  p roduc t s  a r e  n i t rogen ,  oxygen and hydrogen f l u o r i d e .  

The 

XVI I I 

FLtrous oxide i s  a l s o  formed, bu t  on ly  i n  minor q u a n t i t i e s  (< 3 % ) .  

The T e s u l t s  of a number of h y d r o l y t i c  experiments  w i t h  t h e  c i s -  and 
trans-N2F2 a r e  summarized i n  F igu res  3 and 4. 
The d a t a  i n  F lgure  3 were obta ined  by a l lowing  samples of trans-N2F2 
a t  8 9 " ~  t o  r e a c t  w i th  5 m l  p o r t i o n s  of water, aqu;oy  NaOH (2  N )  o r  
aqueous H C 1  ( 0 . 5  N )  i n  Pyrex ampoules. The l i n e  A , drawn through 
t h e  c i r c l e d  p o i n t s ,  shows t h e  loga r i thmic  rate o f  change i n  t h e  
number of mi l l imo les  of trans-N2F2 i n  con tac t  w i t h  water. Line "B" 
was d e r i v e d  by p l o t t i n g  t h e  f u n c t i o n  log  ( N o - 2 / 3  n )  where No i s  t h e  
i n i t i a l  concen t r a t ion  of trans-N2F2 and n i s  t h e  t o t a l  $mount o f  non- 
condens ib le  gas  produced a t  any g iven  time. The l i n e s  C "  and "D" 
were ob ta ined  from experiments  i nvo lv ing  aqueous NaOH ('2 N )  and 
aqueous !C7; ( 0 . 5  N )  r e s p e c t i v e l y  and were p l o t t e d  on t h e  same basis 
a s  l i n e  A . 
If t h e l l r e a c t i o n  Proceeded q u a n t i t a t i v e l y  accord ing  t o  e q u a t i o n  XVIII, 
l i n e s  A "  and " B '  should  be superimposed. The d i f f e r e n c e  between 
t h e s e  l i n e s  i s  a t  l e a s t  p a r t l y  due t o  th,e fo rma t ion  of n i t r o u s  oxide .  
Also, i n f r a r e d  s p e c t r o s c o p i c  s t u d i e s  on t h e  o r i g i n a l  and p a r t i a l l y  
r e a c t e d  trans-N2F2 sugges t  t h a t  t h e  m a t e r i a l  may have con ta ined  a 
small amount o f  unde tec t ab le  impur i ty  which would have caused a 
s l i g h t  bu t  p r o p o r t i o n a l l y  c o n s i s t e n t  ove res t ima t ion  of t h e  amount of 
N2F2 p r e s e n t .  

A s i m i l a r  s e t  of experiments  i nvo lv ing  a mixture  of c is-  and t r a n s -  
N2F2 (67% c i s )  a t  74°C i s  recorded i n  F ig . l14 .  
ol" t r a n s -  and cis-N2F2 a r e  g iven  by l i n e s  E" and "F" r e s p e c t i v e l y .  
The p o i n t s  enc losed  by squares  expres s  t h e  r a t e  of fo rma t ion  of non- 
condens ib le  gases  ( N 2  and 0 2 )  from cis-N2F2 i n  terms of t h e  f u n c t i o n  
log[No-2/3n - A ) ]  where No i s  t h e  i n i t i a l  amount of t h e  c i s  isomer, 
n i s  t h e  total amount of non-condensible  gas  produced i n  t h e  g iven  
time and A is  t h e  amount of t r ans - i somer  r e a c t e d  a s  c a l c u l a t e d  from 
l i n e  "E".  The e x c e l l e n t  agreement between t h e  non-condensible  
f u n c t i o n  and l i n e  "F" i s  probably  somewhat f o r t u i t o u s  s i n c e  d e t e c t -  
a b l e  q u a n t i t i e s  of N20 were a l s o  formed. 

A f t e r  t h e  complet ion o f  t h e  preceding  experiment ,  t h e  remaining i s o -  
meric  mixture  was a l lowed t o  r e a c t  w i t h  2 N NaOH under  s i m i l a r  con- 
d i t i o n s  of tempera ture  and p r e s s u r e .  No change i n  t h e  r e a c t i o n  ra te  
occur red  as i s  i n d i c a t e d  by the  p o i n t s  i n  p a r e n t h e s e s  i n  F ig .  4 .  

The above data  sugges t  two impor tan t  conclus ions  : 

The r e a c t i o n  r a t e s  

1. The r e a c t i o n s  of c i s -  and trans-N2F2 wi th  water a r e  each  
f i r s t  o r d e r  w i t h  r e s p e c t  t o  t h e  n i t r o g e n  f l u o r i d e .  
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2.  The hydro lyses  do no t  proceed v i a  n u c l e o p h i l i c  a t t a c k  on N2F2 

The second conclus ion  i s  based on the obse rva t ions  t h a t  t h e  s t r o n g  
nuc leoph i l e  OH- does no t  s i g n i f i c a n t l y  a c c e l e r a t e  t h e  r e a c t i o n s ,  and 
on the  f a c t  t h a t  very  l i t t l e  n i t r o u s  oxide i s  produced. 

Because N 2 F 2  i s  a s t r o n g l y  endothermic compound, i t  i s  necessary  t o  
cons ide r  no t  on ly  d i r e c t  chemical a t t a c k  by wa te r  

4 

H2 0 
FN2P.i*H\OH F2N* -F -OH + HF-+ Products  XIX 

b u t  a l s o  t h e  thermal  decomposi t ion of t h e  n i t r o g e n  f l u o r i d e  t o  t he  
elements .  
a d d i t i o n a l  q u e s t i o n  of p o s s i b l e  competing r e a c t i o n s  w i t h  t h e  con- 
t a i n e r  walls. 

The r e p o r t e d  r e a c t i v i t y 5  of cis-N2F2 toward g l a s s  poses  an 

In an e f f o r t  t o  r e s o l v e  these problems a s tudy  was made of the decom- 
p o s i t i o n  of  N2F2 i n  g l a s s ,  bo th  a lone  and i n  the  p resence  of e l e -  
mentary n i t r o g e n .  The exper imenta l  r e s u l t s  g iven  i n  Table  I1 i n d i c a t e  
t h a t  bo th  isomers  decompose s lowly  a t  the p r e v i o u s l y  e s t a b l i s h e d  
hydro lys i s  tempera tures  and t h a t  t h e  r e a c t i o n  r a t e s  i n c r e a s e  w i t h  the  
t o t a l  p r e s s u r e  of  the  system. V a r i a t i o n s  i n  the  a v a i l a b l e  g l a s s  
su r face  a r e a  a p p a r e n t l y  do no t  s i g n i f i c a n t l y  a l t e r  the  r a t e s .  These 
obse rva t ions  sugges t  tha t  the h y d r o l y t i c  r e a c t i o n s  may proceed,  a t  
least  i n  p a r t ,  v i a  a s imple decomposi t ion mechanism of  t h e  type 

xx H2 0 N2F2 + M + N2 + F2 + M------>Products + M 

where M i s  any molecule. Hydroly t ic  a t t a c k  i s  no t  completely pre-  
c luded by t h e  above evidence s i n c e  water vapor  ( i n  e q u l l l b r l u m  wi th  
t h e  liquid) was found t o  be approximate ly  twice  as e f f i c i e n t  a s  an  
equa l  p r e s s u r e  of n i t r o g e n  i n  des t roy ing  t h e  isomers .  I n  t h i s  con- 
n e c t i o n  It may be noted  that  n i t r i c  oxide was cons ide rab ly  more 
a c t i v e  than  wa te r  under  s i m i l a r  c o n d i t i o n s .  

The s e n s i t i v i t y  of t he  decomposi t ion r a t e  t o  p r e s s u r e  o f f e r s  a 
reasonable  exp lana t ion  f o r  t h e  r e p o r t e d  h igh  degree o f  r e a c t i v i t y  of 
cis-N2F2 (unde r  h igh  p r e s s u r e s )  toward g l a s s 5  a t  ambient tempera tures  
a s  compared w i t h  the r e l a t i v e  i n e r t n e s s  ( a t  low p r e s s u r e s )  of th i s  
system observed I n  t h i s  l a b o r a t o r y .  

Obviously, a l l  o f  t h e  above exper imenta l  r e s u l t s  may be e q u a l l y  w e l l  
i n t e r p r e t e d  i n  terms of t h e  r e v e r s i b l e  fo rma t ion  of a n  a c t i v a t e d  
i n t  e rme d ia .  t e 

+ M XXI 
e t c .  

a t  l e a s t  i n  the  case  of the t r a n s  isomeg, mechanism X X I  i s  suppor ted  
by the  work of Schaap, Nev l t t  and Z l e t z  
compound i s  s t a b l e  in s t e e l  a t  82Oc under  p r e s s u r e s  as h igh  a s  3,400 
atm. 

which i n d i c a t e s  t h a t  the 

The c i s  isomer was r e p o r t e d  t o  d e t o n a t e  under  similar c o n d i t i o n s .  
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In  s t u d y  of the  i somer i za t ion  of trans-N2F2 i n  copper, Colburn e t  
a 1  noted  that  e x t e n s i v e  decomposi t ion t o  t h e  elements  occurred a t  
t empera tures  above 300°C. S i m i l a r  experiments  i n  t h i s  l a b o r a t o r y  
have shown t h a t  t h i s  r e a c t i o n  a l s o  occurs  a t  much lower tempera tures  
(175-200OC) and t h a t  t h e  r a t e  i s  s t r o n g l y  pressure-dependent .  The 
r e s u l t s  o f  a t y p i c a l  s e r i e s  of runs ,  as g iven  i n  Table  II1,demon- 
s t r a t e  t h a t  t h e  e x t e n t  of decomposi t ion i n c r e a s e s  g r e a t l y  w i t h  t h e  
p r e s s u r e .  The r e l a t i v e l y  low r a t i o  of c i s -  t o  trans-N2F2 recovered  
i n  Experiment 1 sugges t s  tha t  the  c i s  isomer i s  more r a p i d l y  de- 
s t r o y e d  than  t h e  t r a n s  compound. 

TABLE I11 

ISOMERIZATION OF trans-NrFr 

EXPERIMENTAL 

Sea led  pyrex ampoules (ea. 135 m l )  equipped w i t h  one o r  more break 
s e a l s  were used f o r  a l l  h y d r o l y t i c  r e a c t i o n s .  In  the experiments  i n -  
vo lv ing  NF3 and c a u s t i c  soda, the  base was con ta ined  i n  loose-  
f i t t i n g  Tef lon  cups w i t h i n  t h e  ampoules t o  p reven t  a t t a c k  on t h e  
g l a s s .  I n f r a r e d  spec t roscopy was g e n e r a l l y  used f o r  the a n a l y s i s  of 
gaseous  p roduc t s .  

Ni t rogen  t r i f l u o r i d e  and d i n i t r o g e n  t e t r a f l u o r i d e  were ob ta ined  from 
Pen insu la r  ChemResearch Inc .  and A i r  Products  Inc .  r e s p e c t i v e l y .  Di- 
f l u o r o d i a z i n e  was prepared  by the  r e a c t i o n  of N2FB with A1C13 a t  
- 7 8 " ~ .  7 
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? ~ L l k I I M Y  DATA FRCM k SURVZY STUDY OF Ti ZFFZCTS 
OF I O N I Z I N G  RADIATION ON VOLATILE INORGANIC 
CCMFOUNE OF FLUORINL, OXYGEN, AND NITRCGZN 

R. P. Nielsen, C .  D. !:lagner, V. A .  Campanile and J. N. biilson 

Shel l  Cevelopment Company, Emeryville, California 

Introduction 

Very l i t t l e  has appeared i n  t h e  l i t e r a t u r e  concerning the  rad ia t ion  
chemistry of covalent inorganic cmpounds i n  condensed phase. 
f o r  new high energy oxidizers,  it sounds p laus ib le  tha t  ion fragmentation, 
e lec t ron  capture, ion-molecule reactions and f r ee  r ad ica l  combination reactions 
a t  l o v  temperatures may be u t i l i zed .  

I n  the  search 

Conversion of severa l  per  cent of ~ O V J  molecular weight materials bjr 
non-chain reactions 
3 hfev Van de Graaff with a gold t a r g e t  supplies t h i s  dose to  a small sample 
i n  one hour. The sample can be held a t  any desired temperature i n  a Cewar 
f l a sk .  Cetection of products, many of them highly reac t ive ,  is accomplished 
by d i r ec t  d i s t i l l a t i o n  a t  low temperature and very low pressure i n t o  a time- 
of-fl ight mass spectrometer. L i th  t h i s  bas i ca l ly  simple technique, a survey 
of r ad io lys i s  of many systems, both pure and binary, is under ,way. This 
r epor t  describes r e s u l t s  obtained thus f a r .  

requires r ad ia t ion  doses of the  order of 100 megarads. A 

Experimental81 

Horizontal X-ray source. Large doses of 2-3 M e V  bremsstrahlung (up 
t o  100 megarad/hr) a re  generated by d i rec t ing  the  3 MeV elec t ron  beam from a 
Van de Graaff accelerator onto a water-cooled gold t a rge t  (Figure 1). 
v e r t i c a l  e lec t ron  beam is deflected go", producing a horizontal  beam, s o  t h a t  
sample placement may be f a c i l i t a t e d  (Figure 2) .  

cooled tip- thin-walled s t a i n l e s s  s t e e l  tube. 
silver-soldered over the  end of the  tube, a c t s  as a heat sink. 
valve (Nupro No. SS-h) connected t o  the  tube with Swagelok f i t t i n g s  and 
equipped with a Kel-F O-ring s e a l  and a micrometer handle complete the  vessel .  

A standardized sample s i z e  of 0.075 m o l e  of reac tan t  

The 

Reaction vessel.  Samples t o  be i r r ad ia t ed  a re  condensed i n t o  the 
A brass  slug, 

A metering 

Sample s i ze .  
was chosen. In a b icary  reac t ion  system the  t o t a l  sample comprises 0.15 m o l e .  
These amounts provide a convenient sample for analysis and a r e  considered t o  
be safe  i n  the  event of an explosion i n  the  2 m l  reac t ion  vesse l .  

a )  Further experimental d e t a i l s  may be found i n  Papers Fresented, ARPA Pro- 
pe l l an t  Contractors Synthesis Conference, I I T  Research I n s t i t u t e ,  Chicago, 
h p r i l  13-15, 1954. 
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Cooling prov$siors.  Tihe i r r ad iz t ions  are car r ied  out a t  77°K by 
immersing t h e  reaction vesse l  i n  l i q u i d  nitrogen within a spec ia l ly  constructed 
vacuum f l a s k  (Figure 3 )  which contains a cooled s ide  arm tha t  is a l so  con- 
venient f o r  accurate placing of  the sample tube. 
system replenishes the  l i q u i d  nitrogen as necessary. 

A thermocouple and demand 

Cosimetry. Liquid dosimeters a re  of too la rge  a volume t o  allow 
accurate determination of t h e  dose delivered t o  the  small (-50 111) samples 
used i n  t h i s  study. 
been developed by one of usa) and is useful i n  t h i s  study. '..hen cadmium 
nuclei  a re  i r rad ia ted  with >1.25 Mev photons, metastable Cdlllm nuclei  a r e  
produced which decay with a 49 minute half l i f e  and emit 149 and 247 kev 
photons. 
for  5 minutes provides a s u f f i c i e n t  a c t i v i t y  count f o r  accurate dosimetry. 

A new cadmium dosimeter based on photoactivation has 

A 50 p 1  volume (430 mg) of cadmium metal which has been i r r ad ia t ed  

Analysis. 
during and a f t e r  i r r ad ia t ion .  No warming is allowed u n t i l  the sample tube 
hes been connected t o  the  mass spectrometer and analysis fo r  non-condensable 
yases is complete. 

pumped of f  through another valve u n t i l  the pressure reaches -,O.O5 mm, a t  
rihich point analysis f o r  gases which a re  condensable a t  77"K, but which exert  
a s i g n i f i c a n t  vapor pressure a t  t h i s  temperature, is accomplished. 
and OF2 a r e  among the  compounds which may be seen a t  t h i s  point. 
nitrogen ba th  is  removed when these  da ta  have been collected and i n  its place 
is  subs t i tu ted  a 77-350"K var iab le  cryostat .  That sample is now slowly warmed 
and sequential  f rac t ions  a r e  d i s t i l l e d  in to  the  Bendix time-of-flight mass 
spectrometer. A rough separa t ion  is thus accomplished and the iden t i f i ca t ion  
of prodccts is  made somewhat eas i e r .  Excess amounts of a l l  components ob- 
served i n  t h e  product mixture a r e  pumped o f f  a t  the  temperature a t  which 
they are observed before t h e  temperature is ra i sed  and the  next f r ac t ion  
examined. 
compounds produced i n  the  rad io lys i s  and w i l l  serve a s  a guide f o r  future,  
l a rge r  s ca l e  work. 

The sanples under study are  maintained a t  77°K before, 

L t  77°K the gases observed may include F2, N2 and 02. 
hen analysis f o r  the non-condensable gases is complete these gases are 

Both NF3 
The l i qu id  

The data thus obtained provide a qua l i t a t ive  ind ica t ion  of t h e  

Results 

I r rad ia t ions  of pure substrates.  I r r ad ia t ion  of one-component 
systems is a desirable p re requ i s i t e  for the study of multi-component systems. 
The i r r ad ia t ion  of a pure ccmpound provides data which may indicate t h e  iden- 
t i t y  of ac t ive  intermediates which may then be considered fo r  use a s  reactants 
i n  mixed systems. 
r e s u l t  from such treatment t h a t  will be in t e re s t ing  i n  t h e i r  own r igh t .  Also, 
it is  necessary t o  obtain a s  much product i den t i f i ca t ion  data a s  possible i n  
single-component systems i n  order t o  simplify the  ana ly t i ca l  problems encoun- 
te red  when mixtures a re  i r r ad ia t ed .  

In addition, the p o s s i b i l i t y  exists t h a t  products w i l l  

The data i n  Table. 1 a re  presented i n  the  following manner: 
the second column l i s t s  the temperature of t he  sample tube from which t h e  
products a r e  d i s t i l l e d  i n t o  the  mass spectrometer a t  - 8 x 10-6 m; the th i rd  

1 
A 

i 

__ _____ - -----.-I___ 

e )  C .  D. agner, t o  be repor ted  elsewhere. 



21 3 

column l is ts  t h e  products as ident i f ied  by the  mass spectra obtained a t  the 
respective temperatures, and the  four th  column lists ions observed but f o r  
which no iden t i f i ca t ion  could be made. 

- I r rad ia t ions  of Binary M i x t u r r .  The low temperature i r r ad ia t ion  
of binary mixtures i s  being studied as a unique synthe t ic  method which may 
produce compounds which have not been previously observed because of t h e i r  
low therrcal s t a b i l i t i e s .  
d i f f i c u l t  or perhaps iripossible, thus the  co l lec t ion  of data describing such 
s t ruc tures  i s  a primary aspect of t h i s  study. The data below a r e  presented 
i n  the  same manner as those above (Table 2 ) .  

Their synthesis by purely chemical means may be very 

DISCUSS ION 

The basic processes which a re  responsible f o r  reac t ion  on irradia- 
t i on  of these covalent inorganic systems a re  due almost e n t i r e l y  t o  exc i ta t ion  
and ionization of the  molecules by the  secondary e lec t rons  generated i n  the 
sample by Compton sca t te r ing .  
cule ions, and excited molecules; these species decompose t o  fragment ions 
and rad ica ls  and r eac t  with the  bulk subs t ra te  and with one another t o  give 
the  observed products. A t  present l i t t l e  i s  known of t he  reac t ions  of such 
species a t  77"X, and i n  t h i s  study, which i s  intended merely t o  ind ica te  a reas  
f o r  promising fu r the r  research, l i t t l e  emphasis has been placed on the  eluci-  
dation of possible Kechanisms of reactions.  Such information can only be 
gained by considering t h e  y i e lds  of the various products i n  a quant i ta t ive  
manner. 

The primary species produced a r e  excited mole- 

Without quant i ta t ive  y ie ld  da ta  one can say l i t t l e  concerning pro- 
posed sources of t h e  observed products. 
data t o  s t a t e  with ce r t a in ty  which products appear i n  predominant quan t i t i e s  
and whether or not a chain reaction has been found. 
t h a t  t he  y i e lds  a r e  modest and a r e  those which one would expect of non-chain 
urocesses with G values of t he  order of 5-10. 

I t  is  even d i f f i c u l t  without s a h  

A t  t h i s  point it appears 

Some of t he  problems facing the inves t iga tor  i n  a study such as 
t h i s  s h o d d  be mentioned before one proceeds in to  a discussion of the  i r rad i -  
ated systems. 
solved: 
cooling of the  samples during i r r ad ia t ion ,  accurate dosimetry on the  geometry 
of small saffiples, micro separation of the  i r r ad ia t ion  products, and analysis 
of micromolar amounts of highly reac t ive  species v ia  time-of-flight mass spec- 
trometry. Aspects which can be improved include a method f o r  mixing reac tan ts  
i n  micro quan t i t i e s  a t  77°K t o  be sure  t h a t  an intimate mixture i s  obtained 
and perhaps a mass spectrometric method which would be capable of b e t t e r  
ident i f ica t ion  through higher reso lu t ion .  
t i on  of compounds which a r e  present i n  the  mass spectrometer f o r  a few f l ee t ing  
seconds i n  some instances i s  tenuous. 
ions from t h e i r  m/q values alone is a l s o  a constant source of d i f f i c u l t y  as 
i n  the case of polyoxygen f luor ides ,  where the  04F2+ ion and t h e  HOSiF3+'ion 
both possess a m/q value of 102, and t h e  difference between these masses 
arr,ounts t o  only 0.0015 amu.--an unresolvable difference with a TOF mass 

Many of t he  experimental d i f f i c u l t i e s  have been successfully 
application of a high dose rate of photons t o  a small sample, adequate 

The =ass spectrometric ident i f ica-  

The ambiguity in  the  ident i f ica t ion  of 
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spectroneter.  Fortunately,  most systems lend themselves t o  TOF nass spec- 
trometry w i t h o u t  too much ambiguity. 
compounds encountered he lp  t o  make r a t iona l  decisions about t he  ident i fy  of 
t he  spec ies  observed (Table 2). 

Differences i n  the  v o l a t i l i t y  of the 

A s  the data demonstrate, a la rge  var ie ty  of products may be expected 
i n  the  i r r ad ia t ions  of compounds containing the -1iF and -OF groups. 
of  the  i r r ad ia t ions  of these  fluorine-containing compomds, elemental f luorine,  
F2, i s  observed as a product. 
w i sh  t o  examine t h e  system i n  order t o  see i f  e i t h e r  t he  s t a r t i n g  material(s)  
o r  one of t he  products i s  l i k e l y  t o  be attacked by F2 a t  77°K . Thus, in the  
case of SF6, where one might expect one or  both of t he  following reactions on 
i r r ad ia t ion ,  

I n  mcs t 

In  those cases where no F2 is  found, one may 

2SFe = FsS-SFS + Fg 

SFe = SF4 + F2, 

no product is observed. 
result i s  t h a t  these  r eac t ions  may proceed i n  the  reverse d i rec t ion  spontane- 
ously a t  77"1(, t h e  temperature a t  which the  i r r ad ia t ion  is performed. A t e s t  
for t h i s  hypothesis would be the  successful trapping of t he  intermediates 
before the  reverse reac t ion  occurs. 
on i r rad ia t ion :  

One hypothesis t h a t  might be suggested f o r  t h i s  

Using NF3, no reaction occurs with SF6 

SFe t NF3 = no products observed. 

In  the  presence of OF2, however, it i s  found t h a t  products a r e  generated i n  
the i r r ad ia t ion ,  

SFE; + 0F.2 = OSF4 + 2F2, 

thus, it appears t h a t  e i t h e r  an i r r ad ia t ion  product of OF2 a t tacks  SFe 
successfully,  o r  some sulfur-containing intermediate has been trapped. 
any case, the  sulfur-oxygen bond formed resists a t t ack  by f luor ine  and a 
product i s  observed. 

In  

Similar behavior is exhibited i n  the case of SOn. Alone, SO2 gives 
no  products on i r r ad ia t ion .  
reac t ion  occurs and a l l  the  f luor ine  which one would normally see from NF3 o r  
OF2 alone appears i n  t h e  products, S02F2, SF40, and (possibly) SF+. 
case of SiF4, n o  reactionhhas ye t  been effected,  e i t h e r  alone or with possible 
trapping agents (W3 and OF2). 

In the  presence of e i t h e r  NF3 or OF2, however, 

I n  the 

The nitrogen oxides seem t o  be f a i r l y  regular ly  interconverted on 
i r r ad ia t ion .  An exception t o  t h i s  is tha t  n i t r i c  oxide never appears among 
t h e  products a t  77"K, where we know from experience t h a t  it can be observed 
i n  a product mixture and quant i ta t ive ly  pumped o f f .  
both NO and 02, it is probable t h a t  the NO is l o s t  i n  t he  reaction, 

In systems which generate 

NO + 112 02 = N02, 
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vhich requires l i t t l e  ac t iva t ion  energy. 
tnese systems, the  above react ion must occur before -analysis .  

t i o n  of dinitrogen te t roxide.  
of a sample of i r rad ia ted  N204, when the  temperature is ra ised t o  about 
i75"i(, O2 and NO a r e  evolved. 
oxygen in  the so l id  &04 l a t t i c e  previously, it appears t h a t  a t  175" a decom- 
posit ion is  occurring; no addi t ional  data a r e  ye t  avai lable  concerning the 
compound(s) which may be the source of t h i s  decompositlon. 

In  order f o r  u s  n0.c t o  see NO i n  

Tne in te res t ing  phenomenon of oxygen hold-up occurs i n  the i r radia-  
Glhereas no O2 is  observed a t  77°K on analysis  

Since we have not observed the trapping of 

The i r rad ia t ion  of CF& i n  the presence cf l e  appears t o  give a 
higher product y i s l d  than does CF3C1 alone. 
as  might be expected from a higher conversion. 
e f f e c t  and may a c t  a s  an e f f i c i e n t  energy t r a n s f e r  agent. 
t o  display a s imi la r  e f f e c t  in t h e  i r r a d i a t i o n  of NF3. 

nlso,  more products a r e  observed, 
Xe thus exer t s  a synergis t ic  

Carbon dioxide seems 

The products from n i t r o s y l  f luor ide  and n i t rosy l  chlor ide shori 
kist a great  many processes must occur when these systems a r e  i r rad ia ted .  
Although no oxjgen i s  observed among t h e  prcducts, i n  the case of O=NF a l l  
of the 0,F2 species normally seen from OF2 are produced, though OF2 i t s e l f  
is not seen. 
in  secondary react ions.  The grea t  var ie ty  of N-F compounds and nitrcgen 
oxides produced in  these systems add t o  the confusion, but most s t r i k i n g  is  
the prcduction of apparent dimers (and possibly trimers) of the  n i t r o s y l  
halides, (O=NF)* and ( O = N C l ) > ,  f o r  which no s t ruc ture  i s  yet  suggested. 
such s t ruc tures  can be wri t ten.  

I f  oxygen or OF2 a r e  products, they must be quant i ta t ive ly  used 

Pleny 

The two systems which have been most thoroughly studied i n  t h i s  
irork a r e  the IJF3 and the OFe systems. These n a t e r i a l s  were both i r rad ia ted  
ear ly  in the program and then frequent ly  again both alone and admixed with 
other  reactants .  The prcducts of these i r rad ia t ions ,  by vir tue of the f a c t  
t k a t  they involve only tvo elements each, a r n  confinzd to  a smali number: 

NF, 

OF2 02, FE, 02F2, 03F.2, and 04F2(?) . 
N2, F2, e - - N Z F 2 ,  =-:i2F2, and N2F4 

The chemistry involved, however, i s  complicated. We see in  the f i r s t  case 
t h a t  by s0r.e means t h a t  a l l  of the f luor ine  atoms have been s t r ipped from 
NF?, producing N2. 

ions with s ign i f icant  y i s l d s  of N+ and even F+ a s  Well;(4) the  formation of 

( 4 )  

the fragment ions i s  presumably accompanied by formation of F2 and.F. 
S i n i l a r  producls may a r i s e  from the i n i t i a l  exci ta t ion of NF3 during radioly- 
sis i n  the condensed phase, but here the  detai led course of events may be 
moalfied by c o l l i s i o n s  between excited species and surrounding molc-cules. 

The mass spectrum of NF, shcws NF3+, NF2+ and NF+ a s  predominant 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - - _ - - - - _ - - - - - - - - - _ -  
C .  H. Colburn and A .  J .  Kennedy, J .  Am. Chem. S O ~ .  80, 5004 (1958). _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - _ - - _ - - - - - - - -  
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Recombination of ions and e lec t rons  should lead t o  the formation 
of -NF2 and :NF rad ica l s .  Formation of -NF2 rad ica l s  and F- ions may occur 
a l s o  by the exothermic process 

!JF3 + e- 'NF2 + F- . 
?ormation of N2F4 can c l e a r l y  occur by reccmbination of *NF2 rad ica ls ;  N2F2 
may form s imi l a r ly  from :NF rad ica ls  ' Ahough the  energy re lease  w i l l  favor 
decomposition of t h e  product. The exothermic cross-coupling r ad ica l  reaction 

is a l s o  a p o s s i b J i t y .  
r e l a t ed  reaction 

A poss ib le  route t o  N2 and F2 is provided by t h e  

:NF f :NF --t N2F2* -> N 2  + F2 

i n  which tine f i r s t  s t ep  makes ava i lab le  about 4 ev of exc i ta t ion  energy. 
S t i l i  o-ther p o s s i b i l i t i e s  a r e  provided by ion-molecule reac t ions  such as 

*NFt + NF3 = NF2' +-NF2 

rrhich may be s l i g h t l y  exothermic, and by reac t ions  of F- with any of t h e  
pos i t i ve  ions  mentioned above. 

Similar reasoning man be made t o  account qua l i t a t ive ly  f o r  t h e  
products obtained from OF2. 
cerning these systems, t o  obta in  more concrete evidence f o r  the  mechanlsrn of 
the  reac t ions  and t o  attempt t o  devise experiments i n  which some of the  in te r -  
r ed ia t e  species pos tu la ted  may be trapped and ident i f ied .  

The task  ahead w i l l  be t o  gain more data con- 

Conclusion ~- 
The technique described and the  r e s u l t s  obtained serve t o  ind ica te  

t h a t  low temperature rad ia t ion  synthesis i s  indeed a t o o l  which may prove t o  
be of value i n  the  study of endothermic oxidizing agents of low thermal 
s t e b i l i t y .  Althoilgh no quan t i t a t ive  product d i s t r ibu t ion  has been measured, 
and scme of the  products a r e  s t i l l  n o t  ident i f ied ,  t he  guidelines established 
by a survey study such as t h i s  w i l l  be of grea t  value i n  choosing systems 
worthy of fu r the r  study. 
prodact mlxtures w i l l  provide a monitoring system i n  guiding t h e  separation 
of l a rge r  amountsof t h e  i r r a d i a t i o n  products. 
l i qu id  chromatography, i n f r a red  and U.V. spectroscopy, as well as NMR, W i l l ,  
of coarse, have Lo be applied i n  the  characterization of those compounds 
which w e  have u n t i l  now deemed "uncharacterized" . 

The mass spectrometric ana lys i s  scheme f o r  t h e  

Other techniques, such as gas- 
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j Compound 
; I r rad ia ted  

NF3 

N2F4 

FNO 

C l N O  

N20 

NO 

N204 

- 
Temp 
O X  

77 
100 
134 

77 
105 

77 
123 

161 

223 

293 

77 
195 
292 

7 7 
2411 

77 
124 
243 

77 
176 

217 

Teble 1 

Products Ident i f ied  
( I n  Approximate Order 

of Abundance) 
~ ~ ~~ 

NP, F2 ( see  Fig.  4) 
cis-N2F2, trans-N~F2 - 
N2F4 

N204, N02F ( ? )  

i Ions Observed- 
Source Unidentified 

observed a t  223 j 
I 

i 
N20C1+, N202Cl' j 

t i o n  .it t h i s  

(Ccntinued). 



Compound 
I r rad ia ted  

Cemp, 
O I! 

77 
107 

- 

126 

176 

219 

83 
143 
253 

77 
293 

208 
293 

218 

Table 1 (Contd) 

Prcducts Ident i f ied  
( I n  Approximate Order 

of Abundance) 

soiz.,,.  SF^ 

t o  550".  
No uroducts observed 

No products observed 
to 35G".  

C F 4  
C 2 F 6 ,  C F z C b ,  C l 2 ,  

and C 2 C 1 2 F 4  or 
C 2 C l F s .  

c1.2 
C 2 C 1 6 ,  p lus  a c3 

species, probably 
! C 3 C l e .  

2 )  This species evolved from a decompos 
t e m e r o t u r e  . 

Ions Observed- 
Source Unidentified 

t ion  a t  t h i s  

3 )  F r G m  t he  ac t ion  of the  sample on the  Kel-F grease 
on the O-ring sea l .  

-1 I 

1 



Compound 
Irradiatec 

NF3 & 02 

NF3 L OF2 

NF3 C;: N20 

NF3 2 NO 

NF3 C N20~ 

- 
'em?, 
" K  
- 
77 
100 

143 

211 

253 

77 
108 

116 
211 
253 

77 
110 

179 
253 

77 
83 
98 

113 

193 

77 
111 
148 

i 204 

219 

Table 2 

~ ~~~ ~ 

Products Identified 
(In Approximate Order 

of Abundance) 

F2, (2) G2, (2) FNO 
N20, *-N2F2, 
trans-N2F2', N02F 
Ir.) 

_-_--- 
2 )  This species evolved from 8 decompc 

temperature. 

Ions Observed- 
Source Unidentified 

NO' 

Ng', NF' 

3 )  From the action of the sample on the Kel-F grease 
on the O-ring seal. 

(Continued) 

. 



Mixture 
Ir radiatcd 

NF3 + SO2 

NF3 + SF6 

UF3 + S1F4 
NF3 + C C 1 4  

NF3 + C2H2 

NF3 + c02 

Temp, 
0 :, 1'. 

77 
99 
123 

169 

77 
128 

173 

19 5 
293 

77 
89 . 
156 
186 

220  

Table 2 (Contt;) -__ ___. 

Products Ident i f ied 
(In Apprciximatc: Order 

of Abuncl a i c  L- ) 
--- - 

NG products other t h a -  
observed up t o  350".  

(Same as  above) 
Ne, CF4 

Ions Observd- 
Source Unidentified 

-. 
N2F4, &-N2F2, 

t r aas42F2 ,  CC12F2 
C l J G 2 C C 1 3  ( ? )  - 

Iiicrcased y i G c k  of 
normal NF3 i r radia-  
t i o n  products as 
xll 2.3 scnc COF2 I 

I 
! 

NE, CF4 
N2F4, c&-N~F~., 

( t raccs)  trans- 
N,F~ ( t r a x  

CF~CHZF, T2NCH2CF3 

those cf NF3 alone 

+ + NC1+, NFgCCl , 
NFCC12 , 

ci 

--7 

5 )  Frcn the ac t ion  cf the sample on tha Kei-F grease on the  
+ring scal .  

(Continucd) 

'< I 

/ I  I 

, / I  1 
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Table 2 (Cont'd) 

Plixturc 
I r radiated 

OF2 + N2 

OF2 + 02 

OF2 + N20 

OF2 + NOP) 

OF2 + N204 

-. 

Temp, 
O K  

77 
107 

128 

19 1 

77 
33 

133 
173 

192 

77 
13 2 

199 

77 
158 

193 

77 
15 1 

Products Ident i f ied 
( I n  Approximate Orc'cr 

of Abundance) 
____-. __ - 

2 ) T h i s s p c c i c s  evolved f roin a decompos: 

Ions Obscrvcd- 
5ource Unideiitif i ed  

+ 
Y2F 

+ N2F 

ion a t  tnis 
t e n p  raturc.  
From the act ion of the samplc on thc Kcl-F grease 
on thc  O-ring seal. 

3 )  

4 )  Iinpuritj. 
j ) llixturc exploded bef ore i r radiat ion.  Proeucts irere 

(Continuxi j analyzed i n  the csual  manner. 
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Table 2 (Cont'd) ---- 

- 
I'lixturc 

I r rad ia ted  

OF2 + SO2 

OF2 + SFe 

OF2 + SiF4 

OF2 + ccl.4 

OF2 + C 3 2  

CF3C1 + XC 

c12 t Xe  

-. _- 
Temp, 

O IC 

77 

110 

143 

77 
13 7 

161 

77 
103 
120 

133 
181 
220 

77 
112 
193 

x i e s  

Products Idcntifieci 
( In  Approximatc Order 

of Abundance) 

No products oihcr t l x  
alone obssrvcd up t i  

Poor data - ambiguity 
distinguishing OF f. 

No products obscrvcd 

rolved from a ~ C C G C I P O S  

Ions Observcd- 
Sou-cc Unidentified 

3 SF2 , SF , S' 
-_.---__---.I + +  

(weak intcn- 
si t ics) 

those of OF2 
550". 

Kists i n  
3 5 ~ 1 .  

3 xc ( ? )  -132; 
XcF ( ? )  -151; 
X C F ~  ( ? )  -170 

t o  350". --_- 
ion a t  t h i s  

tcmpcraturc. 
Frcm t h e  ac t ion  of the sample sn the Kc.1-F greasc 
on the O-ring seal.  

3 )  

I 

1' 

, 
/ 



2 2 3  

77 

77 

77 

77 

77 

77 

77 

90 

100 

100 

100 

105 

110 

110 

120  

125 

125 

125 

125 

Conpound Temp, OK 

Cl-N=O 200 

N 2 0 4  200 

cc14 210 
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Figure 2. APPARATUS FOR IRRADIATION WITH H I G H  
ENERGY PHOTONS 
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Figure 3. SPECIAL DEWAR F O R  H O L D I N G  SAMPLE DURING 
IRRADIATION AT - 1 9 6 O  
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OF2 FORMATION BY ELECTROLYSIS OF WET HF* 

J. A. Donohue, T. D. Nevi t t ,  and Alex Z l e t z  

Research and Development Department, American O i l  Company, Whiting, Ind iana  

INTRODUCTION 

(Flox) ,  and 2)  oxygen d i f l u o r i d e  (OF2) (1). Although F2 is  d i f f i c u l t  t o  handle ,  
much e f f o r t  i s  being devoted t o  o b t a i n i n g  t h e  b e n e f i t s  of Flox. On t h e  o t h e r  hand, 
OF2 r e p r e s e n t s  t h e  optimum 3/F r a t i o  f o r  hydrocarbon oxida t ion ,  and i t s  use would 
reduce handl ing  problems and l e a d  t o  b e t t e r  performance because of  h igher  d e n s i t y .  
However, because OF2 is  expensive and has a h i g h  flame temperature ,  i n t e r e s t  i n  it 
has been l imited.  

u t i l i z e s  F2 i n e f f i c i e n t l y .  
HF has  been known s i n c e  1927 ( 3 ) ,  t h i s  process  w a s  not  suggested as t h e  p r e f e r r e d  
method f o r  OF2 product ion u n t i l  1955 ( 4 ) .  
f o r  e l e c t r o l y s i s  of HF c o n t a i n i n g  1-20% water  (5) ,  bu t  our r e s u l t s  are q u i t e  d i f -  
f e r e n t .  

t h a t  n o t  on ly  a r e  u s e f u l  i n  e v a l u a t i n g  t h e  e l e c t r o l y t i c  process ,  bu t  a l s o  e s t a b -  
l i s h  o p e r a t i n g  condi t ions  t h a t  ensure  c o n s i s t e n t  y i e l d s  of OF2. I n  s tudying  how 
the  e l e c t r o l y s i s  v a r i a b l e s  a f f e c t  t h e  product  d i s t r i b u t i o n ,  w e  found t h a t  t h e  con- 
c e n t r a t i o n  of H20 i n  t h e  HF i s  a s i g n i f i c a n t  v a r i a b l e ,  and t h a t  p e r i o d i c  i n t e r r u p -  
t i o n  of  t h e  e l e c t r o l y s i s  w i l l  s t a b i l i z e  t h e  otherwise e r r a t i c  product ion of  OF2. 

The b e s t  o x i d i z e r s  f o r  hydrocarbon f u e l s  a r e :  1 )  a mixture of 0 2  and F2 

The g e n e r a l l y  c i t e d  method f o r  t h e  p r e p a r a t i o n  of OF2 f r o m F 2  and base (2)  
Although t h e  presence of OF2 i n  t h e  e l e c t r o l y s i s  of  

Yie lds  of 60% OF2 have been claimed 

Our work t o  determine t h e  mechanism of OF bond formation has provided d a t a  

EXPERIMENTAL 
Our i n i t i a l  experiments involved a b a s i c  procedure i n  which t h e  e l e c t r o l y t e  

Our main pur- 
was 250 m l  of HF containing about  1 mole % KF, and e l e c t r o l y s i s  was c a r r i e d  out  
w i t h  n i c k e l  anodes a t  7.0-7.6 volts and 0-3OC i n  a s t a t i c  system. 
pose was t o  determine hod t h e  H20 concent ra t ion  i n  t h e  e l e c t r o l y t e  a f f e c t e d  t h e  
product  d i s t r i b u t i o n .  Thus, w e  added a known amount of water  t o  t h e  e l e c t r o l y t e ,  
allowed t h e  e l e c t r o l y s i s  t o  proceed through an induct ion  per iod,  and then c o l -  
l e c t e d  and analyzed t h e  gaseous products--H2 a t  t h e  cathode, and OFg, F2, 0 2 ,  and 
03 a t  t h e  anode. 

method f o r  monitoring and main ta in ing  the H20 concent ra t ion  i n  t h e  HF, and ac- 
c u r a t e  methods f o r  ana lyz ing  m o s t  of t h e  products. Consequently our l a t e r  experi-  
ments were more c l o s e l y  c o n t r o l l e d .  
E l e c t r o l y s i s  Apparatus 

smaller anodes were used a s  t h e  ana lyses  were improved ( p r e s e n t l y  1 0  CIS), but  
the  e l e c t r o l y t e  volum: was h e l d  c o n s t a n t  a t  250 m l  t o  s im?l i fy  monitoring of the  
H 2 0  concent ra t ion .  

The present  des ign  is  s h o m  i n  F igure  1. The c e l l  i t s e l f  i s  a 300-1111 Kel-F 
cup equipped with a s t a i n l e s s  s t ee l  cap and a Teflon gasket .  (The l i q u i d  l e v e l  
can be  observed through t h e  t r a n s l u c e n t  Kel-F.) The cap inc ludes  a thermocouple 
w e l l  and e l e c t r o d e  l e a d s ;  s e p a r a t e  p o r t s  f o r  in t roducing  e l e c t r o l y t e ,  adding H20 ,  
r e p l a c i n g  anode, and f l u s h i n g  w i t h  helium; and s e p a r a t e  l i n e s  f o r  c i r c u l a t i n g  the 
e l e c t r o l y t e  t o  an i n f r a r e d  c e l l  and f o r  passing t h e  gaseous products  through a 

:': Research reported i n  t h i s  p u b l i c a t i o n  was supported by t h e  Advanced Research 
P r o j e c t s  Agency through t h e  U.S. Army Research Office-Durham under c o n t r a c t  
DA-31-124-ARO(D)-78. This r e p o r t  a l s o  d i s c l o s e s  p r o p r i e t a r y  informat ion  owned 
by t h e  American O i l  Company, and i t s  use by o t h e r s  i s  prohib i ted ,  except  as 
may be provided by t h e  c o n t r a c t .  

A s  our  work  progressed,  we developed o t h e r  e l e c t r o l y s i s  c e l l s ,  a convenient  

Development of t h e  e l e c t r o l y s i s  c e l l  involved s e v e r a l  designs.  General ly ,  

- 
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d r y  i c e  (-78OC) condenser. A NaF scrubber  is  loca ted  a f t e r  t h e  condenser t o  re -  
move t h e  las t  t r a c e s  of HF from t h e  gases .  During t h e  e l e c t r o l y s i s ,  t h e  c e l l  is 
immersed i n  a n  i c e  bath. 
t r o l y s i s  cause t h e  e l e c t r o l y t e  t o  s t a y  a t  12-15°C. 

The power supply is an E l e c t r o  Products  Model D-612T. 
rupted opera t ion ,  it i s  connected t o  the  e l e c t r o l y s i s  c e l l  through a mercury r e l a y  
t h a t  i s  operated by a f lexopulse  timer (Eagle S i g n a l  Corp.). 

For s tudy  of s u r f a c e  d e p o s i t s  and weight changes, t h e  anole  i s  removed and 
r insed  with HF t o  remove KF. The HF is  removed a t  reduced pressure .  

However, c i r c u l a t i o n  through t h e  i n f r a r e d  c e l l  and e lec-  

For automatic  i n t e r -  

Gas Analysis --- 
I n  our e a r l y  experiments, t h e  gaseous products  were allowed t o  r e a c t  w i t h  K I  

s o l u t i o n s ,  which were then analyzed f o r  I2 and f l u o r i d e  ion. 
mint, 03 was trappFd out  on s i l i c a  g e l  (6) and analyzed s e p a r a t e l y .  Then, a dual-  
column gas chromatograph, one column t o  remove 03 fo l loded  by one t o  s e p a r a t e  o ther  
com?onents, was added t o  increase  t h e  speed o f  a n a l y s i s  and inc lude  H2 and 02. 

ture-programmid, single-column se tup  s h o m  i n  F igure  2 .  Because t h e  products a r e  
o x i d i z e r s ,  t h e  m a t e r i a l s  of c o n s t r u c t i o n  a r e  l imi ted  t o  d r y  and degreased metals 
and f luorocarbon p l a s t i c s .  P a s s i v a t i o n  wi th  OF2 and 03 is a l s o  necessary.  
6-in. co1um-s of s i l i c a  g e l  used i n  t h e  s e t u p  a r e  a compromise i n  length- - to  mini- 
mize 03 decomposition and s t i l l  pzrmit  s e p a r a t i o n  of H2 and 0 2  a t  a r e a d i l y  obtain-  
a b l e  temperature. 

which has been passed through a c o i l  i n  l i q u i d  N2.  Then t h e  gases  t o  be analyzed 
a r e  i n j e c t e d  i n t o  one column by a Perkin-Elmer sampling va lve ,  and t h e  re ference  
c a r r i e r  gas i s  t r e a t e d  i n  t h e  same way on t h e  second column. A f t e r  sampling i s  
com?lete, t h e  l i q u i d  N2 i s  removed and t h e  a i r  f low i s  cont inued €or  about 5 
minutes, or long enough t o  warm t h e  columns t o  about -10°C and remove t h e  03. 
Yields ,  as percent  of c u r r e n t ,  are c a l c u l a t e d  from t h e  gas  chromatographic d a t a  
and amperage, sample volume, and t o t a l  gas f low measurements. 

mal conduct iv i ty  d e t e c t o r  has a lod s e n s i t i v i t y  f o r  H2,  and h igh  concent ra t ions  
cannot be allowed because response is  not  l i n e a r .  Consequently, the flow of he- 
lium through t h e  e l e c t r o l y s i s  c e l l  must be ad jus ted  t o  keep t h e  Hg concent ra t ion  
i n  t h e  s e n s i t i v e  range. Also, even a f t e r  prolonged pass iva t ion ,  t h e  components of 
the  system s t i l l  r e a c t  with F2, so t h a t  only q u a l i t a t i v e  t r a c e  peaks are obtained 
f o r  F2. 
r e l i a b l y  ( 7 ) ,  t h e  t r u e  03 y i e l d s  may be h igher  than repor ted ;  02 y i e l d s  would be 
correspoadingly lower. 
Analysis  and Control  of H70 Concentrat ion i n  E l e c t r o l y t e  

Karl  F isher  (8) o r  i n f r a r e d  (9)  techniques.  The d i f f i c u l t i e s  were resolved by t h e  
closed system f o r  continuous a n a l y s i s  s h o m  i n  F igure  3.  
a l l  p a r t s  t h a t  c o n t a c t  the  e l e c t r o l y t e  made of Teflon,  except  t h e  Hasteloy C b a l l s  
i n  t h e  check va lves)  c i r c u l a t e s  t h e  e l e c t r o l y t e  t o  an Inf racord  through FEP o r  Kel- 
F tubing.  The c211s, shown i n  F igure  4 ,  a r e  made of tub ing  compressed t o  a th ick-  
ness  of about 2 mm between CaF2 p l a t e s .  
and t o  increase  t h e  s e n s i t i v i t y ,  a metal  sc reen  is  placed a t  t h e  widest  a p e r t u r e  
of the  re ference  beam t o  balance t h e  instrument  t o  near f u l l - s c a l e  reading when t h e  
c e l l  conta in ing  t h e  d r y  e l e c t r o l y t e  i s  i n  t h e  sample beam. 
gradual  fogging of t i e  tubing and t h e  CaF2 p l a t e s  causes a l l  c e l l s  t o  show a slow 
s h i f t  i n  base l i n e ,  t h e  u s u a l  absorbance vs. concent ra t ion  c a l i b r a t i o n  cannot be 
used. I n s t e a d ,  a “compensated” t ransmi t tance  (Tc) VS. concent ra t ion  was calcu-  
l a t e d  from t h e  absorp t ion  a t  1.1211, where H20 does not  absorb:  

I n  a l a t e r  improve- 

Fur ther  improvenents i n  speed and s e n s i t i v i t y  were obtained with t h e  tempera- 

The 

For a t y p i c a l  a n a l y s i s ,  t h e  columns a r e  cooled t o  about -75°C by d r y  a i r  

This a n a l y s i s  s t i l l  has l i m i t a t i o n s  with r e s p e c t  t o  H2, F2, and 03.  The ther -  

Because 03 decom?oses r e a d i l y  and is  d i f f i c u l t  t o  d e t e c t  and determine 

- 
Because HF has a marked a f f i n i t y  f o r  water ,  we  could not  analyze by ord inary  

A diaphragm pump (with 

The H20 absorp t ion  i s  measured a t  1.95p, 

However, because a 

Tc - %T 1.9511 of e1ect;olyte vs. screeq 
%T 1 ,121~ .  of e l e c t r o l y t e  vs. a i r  

The motor-driven syr inge  (Figure 3) i s  used t o  add H20 t o  t h e  e l e c t r o l y t e  and 
thus t o  maintain a cons tan t  H20  concent ra t ion  dur ing  e l e c t r o l y s i s .  
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Hydrogen peroxide i s  a p o s s i b l e  com?onent of  t h e  e l e c t r o l y t e ,  b u t ,  i f  p r e s e n t ,  
i t s  maximum concent ra t ion  d i d  n o t  exceed 0.005 mole %. Our t e s t s  shoded t h a t  
added concent ra t ions  of 0.05 mole % had a n e g l i g i b l e  e f f e c t  on  t h e  1 . 9 5 ~  absorp- 
t i o n .  

t h e r e f o r e  was not  a problem. 
Although KF does absorb a t  1.9511, i t s  concent ra t ion  was  held cons tan t  and 

RESULTS 
One of our  e a r l y  experiments  t o  determine t h e  e f f e c t  of H20 concent ra t ion  on 

the  product  d i s t r i b u t i o n  i s  shown i n  F igure  5.  Here, e l e c t r o l y s i s  w a s  continuous 
and H20  was  added incrementa l ly .  
creased beyond about 0.5% and t h e n  leve led  out  a t  7-10% OF2. Ozone increased  as 
OF2 decreased and appeared t o  pass  through a broad maximum. Oxygen apparent ly  i s  
l a r g e l y  independent of t h e  o t h e r  products ,  s i n c e  i t  remained cons tan t  a t  45-50%. 
Current  e f f i c i e n c y  f o r  H2 and t o t a l  anode gas  decreased as H20 increased,  p o s s i b l y  
because t h e  cathode was d e p o l a r i z e d  by d i s s o l v e d  anode products. 

Curve A is  t h e  same run 
shown i n  F i g u r e  5 .  Curve B is  a l s o  a continuous run ,  except  t h a t  t h e  H 2 0  concen- 
t r a t i o n  of  t h e  e l e c t r o l y t e  w a s  high i n i t i a l l y  and then  decreased as H20 w a s  con- 
sumed. Curve C i s  a run  i n  which e l e c t r o l y s i s  w a s  stopped a f t e r  each sample had 
been taken  f o r  gas a n a l y s i s ,  and H20 was added b e f o r e  e l e c t r o l y s i s  was  continued. 
Among t h e s e  runs the  y i e l d  of OF2 w a s  n o t  t h e  same a t  a g iven  H20 concent ra t ion  
and appeared t o  depend on t h e  manner of opera t ion .  A l l  t h r e e  curves show maximum 
OF2 y i e l d s  over  a narrow range  o f  H20 concent ra t ion  c e n t e r i n g  below 1.0%. A t  
h igher  H20 l e v e l s ,  t h e  i n t e r r u p t e d  e l e c t r o l y s i s  gave b e t t e r  OF2 y i e l d s  than  the  
cont inuous.  
n e n t l y  a f f e c t  t h e  anode, because high OF2 y i e l d s  were r e s t o r e d  as t h e  e l e c t r o l y t e  
d r i e d  (Curve B) .  

F igure  7 (Run 1) shows the e f f e c t  of  time on OF2 y i e l d  dur ing  contiriuous 
e l e c t r o l y s i s  a t  0.56 mole % H20.  A f a i r l y  cons tan t  (35-36%)  y i e l d  w a s  obtained 
f o r  about  3 hours ,  and then  a s h a r p  unexplained drop occurred. There w a s  no break 
i n  t h e  c u r r e n t  d e n s i t y  t h a t  might i n d i c a t e  an anode s u r f a c e  change. Even t h e  3- 
hour p l a t e a u  was not r e p r o d u c i b l e ,  because t h e  next  r u n  (Run 2 )  showed OF2 y i e l d s  
t h a t  f e l l  r a p i d l y  from t h e  start .  Nevertheless ,  t h e  i n t e r r u p t e d  opera t ion  gave 
higher  OF2 y i e l d s ,  i n  t h a t  Run 2 s t a r t e d  o f f  a t  t h e  same OF2 y i e l d s  as d i d  Run 1. 
Thus t h e  system showed no permanent e f f e c t  from a r u n  t h a t  l a s t e d  many hours  and 
ended w i t h  a low OF2 y i e l d .  
while  H2 was reasonably c o n s t a n t  a t  85-90L a t  t h i s  low water  l e v e l .  
t o t a l  i s  l e s s  than H2, sone u n i d e n t i f i e d  anode products  a r e  poss ib le .  

ges ted  o p e r a t i n g  with planned i n t e r r u p t i o n .  
y i e l d  b u t  a niore cons tan t  y i e l d  w i t h  t i m ?  (F igure  8).  
y i e l d s  were h i g h e r ;  02, 0 3 ,  H2,  and c u r r e n t  d e n s i t y  were lower. 
of H20 on OF2 y i e l d s  i n  t h i s  c o n c e n t r a t i o n  range was c o n s i s t e n t  w i t h  t h e  e a r l i e r  
r e s u l t s  (F igure  5).  

The OF2 y i e l d  dropped very r a p i d l y  as H20 in-  

F i g u r e  6 shows t h r e e  sets of d a t a  f o r  OF2 y i e l d s .  

Continuous e l e c t r o l y s i s  a t  high H20 concent ra t ion  does not  perma- 

The 02 and 02 shoded s l i g h t  increases  with time, 
As anode 

The c o n s i s t e n t  p a t t e r n  i n  which of f -on  o p i r a t i o n  g ives  h igher  OF2 y i e l d s  sug- 
The r e s u l t  was  no t  on ly  a h igher  OF2 

The small e f f e c t  
Moreover, only t h e  OF2 

DISCUSS I O N  

show t h a t  we a r e  approaching t h e  c o n s i s t e n t  o p e r a t i o n  necessary f o r  s y n t h e s i s  o r  
d e t a i l e d  mechanism s t u d i e s .  
ab l e s  o t h e r  than  water .  

t h e  e v a l u a t i o n  of an e l e c t r o c h e m i c a l  s y n t h e s i s .  Although t h e  c u r r e n t  d e n s i t y  
should depend on e l e c t r o l y t e  Concentrat ion and should drop as water  ( a  s t r o n g  
e l e c t r o l y t e  i n  HF) i s  consumzd i n  t h e  e l e c t r o l y s i s ,  i t  does n o t  always. Ins tead  
f o r  t h e  f i r s t  15-30 minutes of  e l e c t r o l y s i s ,  whether o r  no t  water  concent ra t ion  
is  maintained,  the  c u r r e n t  d e n s i t y  increases  i n  both  continuous and i n t e r r u p t e d  
L l e c t r o l y s i s .  This may be due t o  a breakdown i n  a r e s i s t i v e  anode coat ing.  

The h i g h  (45+%) OF2 y i e l d s  t h a t  w e  have observed f o r  long per iods (3-4 hours)  

Achieving maximum y i e l d s  w i l l  r e q u i r e  s tudy  of v a r i -  

I n  a d d i t i o n  t o  y i e l d s ,  c u r r e n t  d e n s i t y  and anode l i f e  are a l s o  important  i n  

Once 

I 
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a maximum c u r r e n t  i s  reached,  t h e  c u r r e n t  d e n s i t y  remains c o n s t a n t ;  however, i t  
drops a s  t h e  las t  few t e n t h s  percent  water  i s  consumed. Also, high water  l e v e l s  
( > 3 % )  cause low c u r r e n t  d e n s i t i e s .  The maximum c u r r e n t  d e n s i t i e s  were noted a t  
0.5 t o  1.0 inole % water. 

dur ing  continuous e l e c t r o l y s i s :  
We have observed t h a t  n i c k e l  anodes l o s e  weight  a t  low water concent ra t ion  

Mole % Vol ts  Faradays OF2 Yie ld  Weight Loss 
Cll? % of  Current  % of Current  H 7 0  - ----- 

Mostly Continuous Operat ion 
0.2 5.0 - 8.2 .0132 6.0 5.0 

0.2 - 0.5 7.6 .0324 2 0  - 47 1.0 
0.5 - 1.5 7.6 .0670 25 - 10 .01 

0.32 7.0 .0398 35 - 46 none 
0.62 7.0 .lo84 30 - 45 none 

Automatic I n t e r r u p t e d  Operatioil 

The s u r f a c e  of the  n i c k e l  anode i s  q u i t e  d i f f e r e n t  when e l e c t r o l y z e d  a t  bilow 0.2% 
water ,  where F2 i s  genera ted ,  and a t  h igher  water ,  where l i t t l e  o r  no F2 i s  made. 
A t  low water  a f l a k y  d e p o s i t  is  formed, whi le  a t  h igher  water  a t h i n ,  uniform, ad- 
h e r e n t  d e p o s i t  i s  formn-d. A t  low water NiF2 and KNiF3 were d e t e c t e d  by x-ray and 
e l e c t r o n  d i f f r a c t i o n ,  whi le  only NiF2 was  found a t  higher  water .  E l e c t r o n  micros- 
copy i n d i c a t e s  a s o f t ,  porous, m i c r o c r y s t a l l i n n  NiF2 f i l m  when compared t o  t h a t  
produced by a c t i o n  of F2 on n i c k e l  a t  h igh  temperature  (10) .  With i n t e r r u p t e d  
opera t ion  no weight l o s s e s  were found a t  comparable water l e v e l s  and fa radays .  
However, t h e  lower vol tages  and im2roved H20 c o n t r o l  may have a l s o  cont r ibu ted  t o  
anode s t a b i l i t y .  While t h e  t i m E s  h e r e  (10-30 hours)  a r e  s h o r t ,  t h e  d a t a  i n d i c a t e  
t h a t  anode l i f e  should be long. 

product formation and a t  t h e  same t i m e  i s  inf luenced  by e l e c t r o l y s i s  r e a c t i o n s .  
The r e s t o r a t i o n  of high OF2 y i e l d s  as excess  H20 is  e l e c t r o l y z e d  away (Figure 6 ,  
Curve B)  i n d i c a t e s  t h a t  t h e  s u r f a c e  is  formed r e v e r s i b l y .  The n i c k e l - n i c k e l  
f l u o r i d e  anode i s  unique and e s s e n t i a l  t o  OF2 formation. We have found o t h e r  
mc!tals (Cu, Al)  e i t h e r  p a s s i v a t e  completely and r e q u i r e  v e r y  h igh  v o l t a g e s ,  or 
d i s i n t e g r a t e  ( P t )  r a p i d l y  (11). Only 02, no 03 o r  OF2, w a s  found w i t h  these  metals 
The n a t u r e  of changes i n  the n i c k e l - n i c k e l  f l u o r i d e  anode s u r f a c e ,  such as occur 
dur ing  s t a r t - u p ,  is  s t i l l  uncer ta in .  Severa l  p o s s i b i l i t i e s  e x i s t ,  i.e., mechan- 
i c a l  break-up of t h e  f i l m ,  d i f f e r e n t  forms of NiF2 ( a ,  B, y )  (12) ,  o r  mixed oxide- 
f l u o r i d e  f i lms .  

Specula t ion  (13) on e lec t rochemica l  f l u o r i n a t i o n  cons iders  f r e e  F2 as a pos- 
s i b l e  in te rmsdia te  i n  product formation. Our d a t a  appear t o  e l i m i n a t e  t h i s  r o u t e  
f o r  OF2. 
OF2 y i e l d s  u n t i l  t h e  c u r r e n t  i s  i n t e r r u p t e d .  
of water  by K2NiF6 o r  K3NiF6 i n  t h e  f i lm.  However, t h i s  p a t h  i s  u n l i k e l y  because 
K2NiF6 and K3NiF6 r e a c t  wi th  water t o  g ive  only 02 (14). 

The formati02 of 03 along w i t h  OF2 and t h e  absence of 03 as w e l l  as OF2 with 
anodes o ther  than n i c k e l  sugges t  t h a t  t h e  oxygen atom i s  a r e a c t i o n  intermediate .  
Increase  i n  03 y i e l d  when OF2 y i e l d  drops sugges ts  t h a t  oxygen atoms are being 
d i v e r t e d  from OF2 t o  03 f o r m t i o a .  
of t h e  in te rmedia te  s p e c i e s .  

the  one-step e l e c t r o l y s i s  than t h e  two-step process  of r e a c t i n g  F2 wi th  base: 

The anode i s  a key component i n  t h e  e l e c t r o l y s i s .  The s u r f a c e  inf luences  

In cases  where F2 is  found i n  t h e  products ,  adding H20 does not  increase  
Another r o u t e  t o  OF2 is f l u o r i n a t i o n  

F u r t h e r  s tudy  may r e v e a l  t h e  p r e c i s e  n a t u r e  

The o v e r a l l  c u r r e n t  y i e l d  of OF2 and conversion of HF t o  OF2 a r e  h igher  with 
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Current  Conversion 
E f f i c i e n c y  o f  HF t o  OF2 

f o r  OF2 

< 30% 3 0% 
60% l b  2F- + H20 

02 + 2F- + H20 
HF g8z(r5), e l e c t .  F2 + OH- <+,OF2 + 

>OF2  + 03 .t 02 
+ H2° e l e c t .  45% 100% 

Therefore  i n  our  opinion,  much lower c o s t  OF2 would r e s u l t  from a developmznt of 
t h i s  e l e c t r o l y s i s .  Our p r e s e n t  s t u d y  h a s  provided t h e  necessary a n a l y s i s ,  con- 
t r o l  techniques,  and y i e l d  d a t a  and has i n d i c a t e d  a r e a s  f o r  f u r t h e r  p o s s i b l e  i m -  
provements. 
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ELECTRON PARAMAGNETIC RESONANCE SPECTRUM OF 
LIQUID OXYGEN DIFLUORIDE( 1) 

F. I. Metz, F. E. Welsh, W. B. Rose 

Midwest Research I n s t i t u t e  
425 Volker Boulevard 

Kansas City,  Missouri 64110 

INTRODUCTION 

The e lec t ron  paramagnetic resonance spectrum of l iqu id  oxygen d i f luor ide  
has been determined i n  conjunction with a study of t h e  s t ruc tu re  of l iqu id  inorganic 
oxidizers.  Pure l iqu id  OF2 exhibited no EPR s i g n a l  when condensed i n  t h e  absence of 
l i gh t .  
and a g-value of 2.0036 was obtained. Concentrations were on the  order of loL6 un- 
paired e lec t rons  per sample. Oxygen d i f luo r ide  i s  a co lor less  gas a t  room tempera- 
tu re ,  and a pale yellow l iqu id  below 128'K,  i t s  normal bo i l ing  poin t .  It i s  r e l a -  
t i v e l y  s t ab le ,  with thermal decomposition beginning a t  about 200 - 250'C. 
nonlinear, with two equivalent 0-F bonds having an FOF angle of angle of 104'. 

Upon photolysis,  a s t rong  doublet with a hyperfine s p l i t t i n g  of 13.5 gauss 

OF2 i s  

EXPERIMENTAL 

Electron Paramagnetic Resonance 

EPR measurements were made using a Varian V-4502 X-band spectrometer 
equipped with a 6 i n  
were of t h e  order of 9 .1  Gc. 
nected t o  a stopcock and a male ground g la s s  j o i n t  by means of a graded sea l .  
Sample volumes were of t h e  order of 0.05 m l .  
tube was placed i n  a small quartz dewar which was inser ted  i n t o  t h e  cavi ty .  
urements i n  t h e  range from 88 'K t o  138 'K were made using a V-4557 va r i ab le  tempera- 
t u r e  accessory. 
the  dewar was used f o r  t h e  scan ca l ib ra t ion  and a s  a standard f o r  t h e  g-value deter-  
mination. 
26.0 gauss and the  e-value used was 2.0055 (2 ) .  The frequency was determined with a 
Hewlett-Packard Model X-532B wavemeter. 
determined as a check on t h e  procedure. 
t i v e  t o  a Varian 0.1 per cent p i t ch  sample i n  KC1,  with t h e  number of sp ins  taken t o  
be 3 x spins/cm length of sample. 
be ?25& ( 3 ) .  
of t h e  OF2 spectra a t  various temperatures (compared with t h e  same p i t ch  standard) 
than we a r e  i n  absolute values of t h e  sp in  concentrations. 

magnet and using 100 kc f i e l d  modulation. 
The sample tube was a 3.0 mm I .D .  quartz tube  con- 

Frequencies used 

For measurements a t  77%, t h e  sample 
Meas- 

Peroxylamine d isu l fona te  i n  a cap i l l a ry  a f f ixed  t o  t h e  outside of 

The t o t a l  width of t h e  peroxylamine disulfonate spectrum was taken t o  be 

The g-value of po lycrys ta l l ine  DPPH was 
Concentration measurements were made r e l a -  

The accuracy of t h i s  value i s  estimated t o  
However, we a r e  more in te res ted  i n  r e l a t i v e  values of t he  i n t e n s i t i e s  

Photolysis s tud ies  were performed using a PEK-110 100 watt high pressure 
mercury a rc  lamp. 
second order in te r fe rence  f i l t e r .  

The 3660 angstrom l i n e  was se lec ted  by means of a Bausch and Lomb 
\ 



238  

Pur i f i ca t ion  

The OF2 was bled slowly from t h e  storage tank through an HF t r a p  and con- 
densed on the  cold v e r t i c a l  column. 
con t e t r a f l u o r i d e  (4), while t h e  cold column separated any carbon dioxide present.  
This v e r t i c a l  column was a t  7 7 %  and jacketed with a dewar. The OF2 condensed and 
drained below t h e  cold region of t he  tube where it refluxed and slowly d i s t i l l e d  
i n t o  t h e  f i r s t  l iqu id  nitrogen t r ap .  
( 5 ) ,  t h e  OF2 was chromatographed. Table I shows t h e  r e l a t ive  e lu t ion  times of t h e  
impur i t ies  found t o  be present .  P r io r  t o  the introduction o f  t h e  helium c a r r i e r  
gas, i t  was passed through reduced copper oxide wire a t  500°C ( 6 )  t o  remove oxygen 
and Linde molecular s ieve  t o  remove H20. 

The HF t r a p  removed hydrogen f luo r ide  and sili- 

Following Schoenfelder's procedure f o r  N2F4 

Chemicals 

TABLE I 

RELATIVE EUJTION TIMES ON $" x 10' SIUCA GEL COLUMN, 
FLOW RATE, 150 ml/min 

Substance Elution Time of Maximum (minl 

4.7 
5.1 

10.8 
13.0 
16.5 

120.0 
>120.0 

The copper oxide wire was Mallinckrodt reagent grade. The molecular sieve 
The OF2 was obtained from Al l ied  Chemical Corporation was Linde SA 1/16-in p e l l e t s .  

and was approximately 93 per cent  pure. 
from Matheson Company. 

The s i l i c a  g e l  (60/80 mesh) was purchased 

RESULTS 

No EPR s igna l  was obtained on samples of l i qu id  OF2 prepared i n  the  ab- 
sence of l i g h t .  Liquid OF2 taken  d i r e c t l y  from the  tank i n  t h e  presence of room 
l i g h t  showed a f a i r l y  strong, complex s igna l  w i t h  a t o t a l  linewidth of about 100 
gauss. 
t r a p  and subsequently d i s t i l l e d .  

Similar r e s u l t s  were obtained from OF2 which had been swept th rmgh an HF 

A sample of chromatographed l i qu id  OF2, prepared i n  the  absence Of l i gh t ,  
showed a s t rong  doublet (F ig .  1) with a s p l i t t i n g  of 13.5 gauss when photolyzed. 
The l inewidth i s  temperature dependent with values i n  the  range o f  1.6 - 3.6 gauss. 
The l i n e  center  of t he  doublet  has a g-value of 2.0036 ? 0.0003. The l i n e  shape / 
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c lose ly  approximated a Lmentzian curve. 
l a t i o n  amplitudes and microwave power leve ls  i n  order t o  ensure t h a t  no d i s to r t ion  
due t o  overmodulation o r  power sa tu ra t ion  occurred. 
increased with t i m e  during photolysis.  
was calculated t o  be on the  order of 1Ol6 unpaired e lec t rons  per sample, correspond- 
ing  t o  a concentration of about 0.001 mole per cent.  
graphed l i qu id  OF2 prepared i n  normal room l i g h t  was the  same a s  t h a t  obtained from 
the  photolyzed samples. 

The spectra were examined a t  various modu- 

The i n t e n s i t y  of t he  doublet 
The concentration of paramagnetic species 

An EPR spectrum of chromato- 

The change of t he  s igna l  i n t e n s i t y  with photolysis is shown i n  Fig. 2 f o r  
The r a t e  of formation of t h e  r a d i c a l  spec ies  increased 

The s igna l  i n t e n s i t y  behavior a f t e r  photolysis was s t rongly  t e m -  
A t  77'K t h e  signal s t rength  increased rap id ly  a f t e r  t h e  lamp 

100°K, and 

6. number of temperatures. 
with temperature. 
pera ture  dependent. 
was turned of f ,  then more slowly. 
105°K;  t h e  i n t e n s i t y  leveled off a f t e r  photolysis.  The curves f a l l  o f f  more rapidly 
a t  1 2 1 ° K  i n  t h e  absence of light. 
s i t y ,  bu t  usua l ly  reached a value which pe r s i s t ed  even a f t e r  s eve ra l  days storage of 
t he  sample i n  t h e  dark. 
very low l e v e l  by vaporization and recondensation of t h e  sample i n  the  absence of 
l i g h t .  

A t  intermediate temperatures, 

The decay a t  77% did  not proceed t o  zero inten- 

The s igna l  may be caused t o  vanish, o r  a t  l e a s t  reach a 

c 

Figure 3 shows t h e  s i g n a l  s t rength  a s  a f u n c t i o n d c o n t i n u e d  photolysis a t  
A peak concentration was reached a t  about 10 min photolysis,  a f t e r  which time 77%. 

add i t iona l  photolysis produced a diminution of t he  s igna l ,  
s t rength  corresponded t o  approximately 1Ol2 unpaired electrons.  
extinguished, t h e  concentration immediately increased t o  a value on t h e  order of 
5 x 1013 unpaired electrons.  
of l i g h t .  
t h e  previous low value. 

A t  244 min, t he  s i g n a l  
After .the lamp was 

The concentration continued t o  increase  i n  t h e  absence 
If t h e  sample was i r r ad ia t ed  again, t he  s igna l  l eve l  r ap id ly  dropped t o  

I n  general ,  t he  i n t e n s i t y  of t h e  EPR resonance increased with continued 
photolysis,  reached a maximum, and dropped t o  a very low leve l .  The in t ens i ty  a t  
t he  maximum was temperature dependent. 
were taken during 7 a  min of photolysis and afterwards i n  t h e  absence Of l i g h t  f o r  
su f f i c i en t  time t o  observe t rends  i n  t h e  s i g n a l  i n t ens i ty .  The r a t e  of formation 
increased with temperature. After t h e  photolysis lamp was turned o f f ,  t h e  in t ens i ty  
increased, leveled off gradually, o r  decreased more rapidly,  depending on t h e  
temperature. 

I n  a s e r i e s  of experiments, spec t ra  of OF2 

The e f f ec t  of t he  presence of oxygen on t h e  r e s u l t s  of t hese  experiments 
i s  d i f f i c u l t  t o  assess  a t  t h i s  time. 
a l t e r  t he  mechanism of t h e  photolytic reactions,  o r  may broaden t h e  EF'R signal,  
rigorous measures described above were undertaken t o  a f f e c t  its removal. 

However, s ince  it i s  poss ib le  t h a t  oxygen may 

DISCUSSION 

The lack of an  EPR s i g n a l  i n  the  spec t ra  of samples chromatographed i n  the  
t* absence of l i g h t  i s  s t rong  evidence t h a t  l i qu id  OF2 i s  not paramagnetic. In  addi- 

t ion ,  one would expect a hyperfine t r i p l e t  from a paramagnetic spec ies  such as OFg-, 
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r a t h e r  than the  observed doublet .  Considering the  system involved, a doublet could 
a r i s e  from OxF. o r  F. r ad ica l s ,  due t o  hyperfine in t e rac t ion  with a f luor ine  nucleus 
which has a spin of $. However, it i s  t o  be expected that t h e  f luo r ine  atom would 
r eac t  ( t o  form F2) much more r ap id ly  than would the  OxF- r ad ica l .  The f luo r ine  rad- 
i c a l  has not been observed i n  t h e  condensed phase, bu t  has ben observed i n  t h e  gas 
phase a s  s i x  well-spaced resonances with a g-value of 413. 
9.249 Gc, 4,159 gauss was t h e  lowest value of t h e  magnetic f i e l d  a t  which a resonance 
occurred ( 7  ) . 

A t  a frequency of 

We have studied t h e  EPR of l i qu id  F2 a t  77%. Tank f luo r ine  and f luor ine  
run through an HF t r a p  and d i s t i l l e d  have exhibited a weak s igna l  w i t h  a linewidth 
of about 7 5  gauss and a g-value near 2.0. The s igna l  s t rength  increased with pho- 
t o l y s i s  and seemed t o  broaden. It i s  probable that t h e  observed resonance i n  l iquid 
f luo r ine  was due t o  impurit ies.  
a r e  being made more d i f f i c u l t  b y  the  high vapor pressure (280 mm Hg) of F2 a t  77°K. 

Present e f f o r t s  t o  chromatograph l iqu id  f luo r ine  

The small value of t h e  coupling constant i n  OF2 (13.5 gauss) i s  not what 
one would expect from hyperfine in t e rac t ion  of an e lec t ron  with a f luo r ine  rad ica l .  
A s  a comparison, t h e  hyperfine s p l i t t i n g  due t o  two equivalent f l uo r ine  nuclei  i n  
l i qu id  NF2. is 64 +2 gauss ( 8 ) .  The hyperfine in t e rac t ion  due t o  a f luo r ine  r ad ica l  
should be  la rge ,  since the  va lue  calculated b y  assuming t h a t  t h e  unpaired e lec t ron  
WEIS wholly i n  the  2s o r b i t a l  of t he  f luo r ine  atom is  17,050 gauss (9 ) .  
s ide ra t ion  of t h e  above arguments, it i s  q u i t e  probable that the  unpaired e lec t ron  
spec ies  observed i n  t h e  present  study i s  OxF-, and not F- . 

From a con- 

The EPR spectra of t h e  higher oxygen f luor ides  (02F2, 03F2, and O4F2) have 
been s tudied  by Kirshenbaum and Grosse (10). 
from samples of 02F2 a t  77'K. The resonances were assigned t o  the  presence of i n t e r -  
mediates i n  t h e  decompvsition 02F2 -> 02 + F2 
i t s e l f .  
ence of a r a d i c a l  with one unpaired e lec t ron ,  having a hyperfine in t e rac t ion  with 
only one f luo r ine  nucleus. 
weaker resonance i s  assoc ia ted  wi th  t h e  presence of a r ad ica l  i n  t h e  t r i p l e t  s t a t e .  

They have observed two EPR s igna ls  

r a the r  than t o  02, F2, o r  02F2 
The stronger of t h e  two s igna l s  has been in t e rp re t ed  i n  terms of t he  pres- 

02F. was considered t o  b e  a l i k e l y  poss ib i l i t y .  The 

The EPR spectrum of OgF2 showed (10) t h e  same resonances as were obtained 
f r o m  02F2, except t h a t  t h e  i n t e n s i t y  of t he  s t ronger  s i g n a l  i n  t h e  case of OgF2 was 
50 - 100 times grea te r  than t h e  i n t e n s i t y  of t he  corresponding resonance i n  02F2, 
w,,i,Le *I-^ L-i  

~ L L C  c ~ ~ p l e t  resomiice i n  CgF2 i s  only t-,ice a s  in tense  a s  t h e  t r i p l e t  reso- 
nance i n  02F2. 
Contamination of t he  02F2 with O3F2 was ruled out by  t h e  observation of t h e  reso- 
nances a f t e r  the 02F2 sample had been heated above the  decomposition temperature Of 

03F2* 

~ -I- 

The s t rong  s i g n a l  i n  O3F2 was a l s o  assigned t o  t h e  02F- r ad ica l .  

O4F2 was found t o  be paramagnetic (10). The EPR spectrum a t  77'K con- 
s i s t e d  of a strong doublet with an average g-value of 2.009 and a doublet separation 
on t h e  order of 13 gauss. I n  view of t h e  d i s s i m i l a r i t y  between t h e  spectrum of O4F2 
and t h e  spec t ra  of 02F2 and O3F2, it w a s  unlikely t h a t  t h e  paramagnetic species i n  
O4F2 was t h e  OgF. r ad ica l .  
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The EFR spectrum of OgF2 a t  90°K has a l s o  been inves t iga ted  by Maguire 
A doublet with a s p l i t t i n g  of 13.6 gauss and a g-value of 1.975 was obtained. (11). 

These r e s u l t s  have been in te rpre ted  i n  terms of d i r ad ica l  O3F2 being t h e  paramag- 
ne t i c  species involved. 
of t h e  f luo r ine  nuclei .  
t o  be weak, o r  zero. 

One unpaired e lec t ron  i s  thought t o  be loca l ized  near each 
The coupling between t h e  two f luo r ine  nuc le i  i s  considered 

Considering the  r e s u l t s  of t he  above inves t iga t ions  ( l O , l l ) ,  it is  highly 
probable t h a t  t h e  r a d i c a l  species present i n  photolyzed OF2 is OF-, via the  dissoci-  
a t i o n  OF2 -% OF. + F. . However, we cannot uniquely i d e n t i f y  the  number of oxy- 
gens on t h e  r a d i c a l  a t  t h i s  time. 
unambiguous iden t i f i ca t ion  of t h e  paramagnetic species i n  photolyzed l i qu id  OF2. 

170F2 i s  being prepared t o  m k e  poss ib le  a more 

The k ine t i c s  of t h e  photolysis suggested t h e  following a s  possible 
reac t ions  : 

hv > OF. + F. 
chain 

(1) OF2 

( 2 )  2 F a  - F2 

(3)  OF. + M hv > R 

( 4 )  OF* hv > R I  

(5) OF- + N d R" 

As t h e  temperature i s  increased, t h e  photolysis proceeds more rapidly.  
i s  ava i l ab le  t o  increase  t h e  r a t e  of reac t ion  (1). 
temperature, reac t ion  (1) w i l l  a l s o  proceed (v i a  a chain mechanism) i n  t h e  absence 
of l i g h t .  
lamp i s  extinguished i s  observed. Reaction (3) and/or reaction ( 4 )  a r e  the  photo- 
l y t i c  decay schemes which compete with reac t ion  (1) \Then t h e  lamp i s  on. With t h e  
lamp o f f  a t  77'K, t h e  r a t e  of f o k t i o n  increases rap id ly  f o r  a shor t  while, then 
drops back t o  a lower r a t e .  This behavior can be  explained by  t h e  f a c t  t h a t  reac- 
t i o n s  (3) and ( 4 )  a r e  not operating i n  t h e  absence of l i gh t .  
a tu re  dependent decay schemes may be operation, i.e., reac t ion  (5).  

More energy 
I n  addition, dependent upon the  

Hence, a continued increase  i n  t h e  rate of formation a t  77'K a f t e r  t he  

Other, slower, temper- 

A t  higher temperatures (87OK, 100°K, 105'K), t h e  decay of t h e  s igna l  i s  
slow i n  t h e  absence o f  l i gh t .  
a f t e r  photolysis.  The r a t e  of t he  decay reac t ions  was both temperature and photo- 
l y t i c a l l y  dependent. 

Finally,  a t  120°K, t h e  s i g n a l  decays mme rap id ly  

Figure 3 shows t h a t  continued photolysis caused the  s igna l  t o  reach a very 
low leve l .  
processes t o  predominate over t he  formation reactions.  

Thus, t he re  must be a c r i t i c a l  concentration which allowed the  decay 
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SUMMARY 

This study has es tab l i shed  t h a t  oxygen d i f luo r ide  d issoc ia tes  photolyti-  
c a l l y  i n t o  a paramagnetic spec ies  i n  which the re  i s  a hyperfine in t e rac t ion  between 
t h e  unpaired e lec t ron  and one f luo r ine  nucleus. 
t h e  r a d i c a l  species increased with temperature. The behavior of the  s igna l  in ten-  
s i t y  i n  the  absence of l i g h t  a f t e r  photolysis was a l s o  temperature dependent. The 
k ine t i c s  have been in t e rp re t ed  i n  terms of photo ly t ic  formation and decay schemes. 
The r a d i c a l  has been charac te r ized  by means of t h e  EPR spectrum, but not ident i f ied .  
However, the cha rac t e r i s t i c s  of t h e  spectrum indica ted  t h a t  the  r ad ica l  was OF., 
r a the r  than  a higher oxygenated species o r  F.. 

The photolytic r a t e  of formation of 
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THE HEAT OF FORMATION OF OXYGEN DIFLUORIDE 
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INTRODUCTION 

The c u r r e n t l y  accepted value of the  0-F bond energy (-45 kcal/mole) i s  calcu- 
l a t e d  Srom the standard hea t  of formation of OF2 (+7.6 kcallmole) which was based 
on an average of three  values  obtained i n  1930, (5,6) the  prec is ion  of which was 
qui te  poor. 
0-F bond energy, the  heat  of reac t ion  of t he  following system was measured: 

To determine a more r e l i a b l e  heat of formation of OF2 and thus a b e t t e r  

OF2 + 2H2 +€I20 + WF ( i n f i n i t e  d i l u t i o n )  

EXPERIMENTAL 
P 
2 MATERIALS '\ 
' I  

1 , 
The OF2 was obtained from the  A l l i e d  Chemical Company. An assay found it t o  

be g r e a t e r  than 99 percent pure. Active f l u o r i d e  was analyzed by an iodometric 
method. 
SiF4 w a s  not  de tec tab le .  

By an i n f r a r e d  a n a l y s i s  0.22 percent  C02 and 0.02 percent  CFb were found; 

1 
The hydrogen w a s  a p r e p u r i f i e d  grade obtained from the  Matheson Company. 

'3 '. APPARATUS AND PROCEDURE 

The thermochemical measurements were made using a Par r  f l u o r i n e  combustion 
x. bomb and a Bureau of Standards calor imeter .  The bomb cyl inder  and a l l  i n t e r n a l  

' to  r e t a i n  the OF sample. The ampoule apparatus reduced t h e  i n t e r n a l  volume of the  ' p a r t s  of the  bomb were monel. 

bomb t o  315 cc. 2A diagram of the  ampoule i s  given i n  Fig. 1 and 2. 

The i n t e r n a l  volume of the  ampoule w a s  found t o  be 8.7 cc. 

A monel ampoule was f i t t e d  i n t o  t h e  t o p  of the  bomb 

', 
I ' 

\Q 

A ' 

The top  of the  
cy l inder  body and the cy l inder  head were designed with a 30-degree anguler s e a t  t o  
accommodate a 112-inch monel b u r s t  diaphragm. 
bamb, was designed t o  rupture  t h e  b u r s t  diaphragm i n  the  ampoule. 
of' a p i s t o n  with a k n i f e l i k e  wedge head (Fig. 3 )  and a s m a l l  spr ing  made from spring-  

A mechanism, which f i t s  i n s ide  the  
This  consis ted 

The p is ton  and spr ing  were he ld  i n  a compressed pos i t ion  by ' tempered monel wire. 
n nickel-chromium a l l o y  fuse wire of known c a l o r i f i c  value,  which w a s  s t r u n g  between 

' t h e  two i n t e r n a l  e lec t rodes  i n  t h e  bomb. A pinpoint  breaker was a l s o  t r i e d ,  however, 
because it merely punctured a small hole  i n  the  diaphragm, it increased  the  chance of 
obtaining incomplete combustion and was unsa t i s fac tory .  

,' , 

\ The OF2 sample was condensed i n  the  ampoule which was then a t tached  t o  t h e  bomb 
head. 

h t h  hydrogen ( - [> .O ps ig )  and sealed. 
i n t o  the  hydrogen by e l e c t r i c a l l y  fus ing  the  nickel-chromium a l l o y  wire. 
l eased  the  p is ton  which ruptured the  diaphragm and allowed the  r e a c t a n t  gases t o  mix. 
Combustion occurred rap id ly  and completely; the temperature r i s e  of t h e  calor imeter  

F i f t y  ml of water were placed i n  t h e  bomb t o  absorb the  H F  formed during 
' r e a c t i o n  and thus reduce corrosion.  The reac t ion  bomb w a s  assembled, pressurized 

To start the  reac t ion  the  sample w a s  re leased 
This re-  

Y 
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was measured by means of a platinum r e s i s t a n c r  thermometer constructed and cali- 
brated by the  k e d s  and Nortnrup Company. The thermometer, 01' t h e  f'our-LeaJ cable  
Lype, w a s  USCG i n  conjunction wi th  a k e d s  and Northrup G-2  Mueltcr 131-idge a n d  ti. 
high sensj t i v i t y  galvanometer. 

DirKinson's method w a s  employed i n  order  to  obta in  t h e  cor rec ted  res i s tance  
change ( 1 ) .  

To check t h e  mass balance of' t h e  reac t ion ,  the  reac t ion  products were analyzed 
a i t e r  each run by a thorium n i t r a t e  method f o r  f l u o r i d e  and by a sodium hydroxide 
t i t r a t i o n  for hydrogen ions.  

The analyses  were wi th in  experimental error, but were always lower than s t o i -  
chiometric f'or each OF2-H run. 
counted for was consumed an the  slight corrosion of t h e  s t a i n l e s s - s t e e l  screw 
heads i n  the  ampoule. Q u a l i t a t i v e  analysis of t h e  screw heads d i d  show t h e  cor- 
roded f i l m  on the  screws w a s  t h e  metal f luor ides .  The necessary thermal correc-  
t i o n s  were made on the d a t a  Yor t h i s  s i d e  reac t ion ,  which amounted t o  the forma- 
t i o n  01' roughly 0.0015 mole of' i r o n  and chromium f luor ides .  
check, a OF2-H2 run w a s  made with t h e  s t a i n l e s s - s t e e l  screws rep laced  by nickel-  
p la ted  s t e e l  screws. No cor ros ion  was found with t h e  new screws and t h e  hea t  of 
reac t ion  agreed, within experimental e r r o r ,  with the  r e s u l t s  which had been 
cor rec ted  f o r  the  small amount of corrosion. 

It was bel ieved the approximate 5% of' HF unac- 

A s  an a d d i t i o n a l  

C ALJ BRATI ON 

The energy equiva len t  of t h e  ca lor imeter  w a s  determined by burning National 
Bureau 01' Standards Sample 39h benzoic acid.  I t s  h e a t  of' combustion per  gram 
under s tandard condi t ions a t  25' was repor ted  as 26,434 abs. j/g mass (weight i n  
vacuo) with an es t imated uncer ta in ty  of *3j/g. This  value w a s  converted ( 3 )  Lo 
t h e  bomb condi t ions used throughout t h i s  i n v e s t i g a t i o n  and found t o  be 2 6 , 4 ~ . 0  
abs. J/g. 

I n  a s e r i e s  of f i v e  c a l i b r a t i o n  determinations, t h e  mean energy equivalent  
for t h e  system was 48,533.4 i6.5 calories/ohm. 

RESULTS AND CALCULATIONS 

The d a t a  are r e f e r r e d  t o  a s tandard temperature of 25'. The energy u n i t  used 
i s  the c a l o r i e  which is def ined  as equal t o  4.1840 absolu te  joules .  

The quant i ty  of hea t  observed during t h e  reac t ion ,  Q, w a s  c a l c u l a t e d  from 
equation (1) : 

where E, i s  the  energy equiva len t  of' the  calor imeter ;  be2 i s  a cor rec t ion  f o r  
deviat ions from t h e  s tandard ca lor imeter  system and was computed from t h e  h e a t  
c a p a c i t i e s  ol' OF2, H2, and H20; and ARC i s  t h e  cor rec ted  temperature rise. 
value of t h e  hea t  capaci ty  of OF2 was taken as 10.35 cal/deg-mole (2) .  

B = ( E s  + A R C  (1) 

The 

'$he h e a t  of r e a c t i o n  per  mole i n  the thermodynamic s tandard bomb process, 

where q1 includes cor rec t ions  ?or nonidea l i ty  of t h e  r e a c t a n t  gases, condensation 
of water i n  t h e  vapor phase, and h e a t  of d i l u t i o n  of t h e  €IF s o l u t i o n  t o  i n f i n i t e  

AERJ was ca lcu la tgd  for each experiment from equat ion ( 2 ) :  
- A% = (Q-9l-q ( 2 )  

d i l u t i o n ;  q2 i s  t h e  energy suppl ied by t h e  cor ros ion  of t h e  screw heads; and n is 
the  number of moles of OF2. This  va lue  w a s  reduced t o  the s tandard h e a t  of' reac- 

from A E R  was done i n  two s teps :  0 0 
R 

Heats of' reac t ion  at 2 8 O C  were c a l c u l a t e d  f'rom t h c  energy of' r e a c t i o n  

\ t i on  a t  25OC. 

a )  

The c a l c u l a t i o n  of A H  
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0 us ing  t h e  thermoclynamic equat ion AHR = AF$ + AnRT where A n  i s  t h c  
change i n  the  number of moles of' gaseous substances during Lwiction. 

Heat8 of react ion at 2J°C were ca lcu la ted  from t h e  equat ion 
AHR (296.16%) = AHH (301.16%) + 4 C  (298.16-301.16) where A C  is 

t h e  d i f fe rence  i n  t h e  hea t  capac i ty  at  cgns tan t  prL.,* -cure of' t h e  products 
and reac tan ts .  

t )  
P 

The r e s u l t s  of t h e  experiments with OF2-H2 are given i n  TabSe I .  

The average value of' A HR f o r  OF;:-H2 i s  ZX..gj  t0.76 kcal/mole. 
0 

DISCUSSION 

B a s e d  on t h e  measured vchiie of' t h e  standard hea t  evolved from t h e  reac t ion :  

OF2 ( e )  + 2Hp (g)-H20 ( I )  + 2HF ( i n f i n i t e  d i l u t i o n )  

and combined with e x i s t i n g  thermodynamic data ( 4 )  lhe r a l c u l a t e d  s tandard hea t  of 
f'ormation, A I$, of OF2 ( g )  is -4.140 *0.82 kcal/mole. 

The uncer ta in ty  in t h e  h e a t  of formation w a s  ca lcu la ted  by t ak ing  t h e  square 
r o o t  of' sum of t h e  squares of t h e  prec is ion  e r r o r ,  t h e  accuracy error, and t h e  
caLibra t ion  error. The p r e c i s i o n  error r e f l e c t s  t h e  r e p r o d u c i b i l i t y  of the exper- 
iments a n d  w a s  taken as twice the  s tandard deviat ion.  The accuracy e r r o r  w a s  ob- 
t a i n e d  by es t imat ing  t h e  e f f e c t  of t h e  var ious f a c t o r s  on t h e  reac t ion  (such as 
p u r i t y  o f  reac tan t .  and l i m i t s  of error involved i n  t h e  analyses) .  

The hea t  of formation v a l u e ,  comhined with the  most r e c e n t  bond d i s s o c i a t i o n  
energ ies  f o r  f l u o r i n e  and oxyqen as l i s t e d  i n  the  .JANAF thermochemical t a b l e s  (2) ,  
y t e l d s  a value of -50.8 kca l  for t h e  0-F bond energy i n  OF2. 
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ABSTRACT 

Instrumental techniques have been developed f o r  the analysis of nitrogen te t roxide  

and chlorine trifluorj.de. 

HXO3 and HN02). 

so l id  chromatography f o r  t h e  nitrogen oxides content a r e  described. 

Commercial NTC cons is t s  o f  N2O4, N02, "203, NO and H20 (as 

The appl ica t ions  of  Nblii spectrometry f o r  the  proton content and gas- 

auan t i t a t ive  ana lys i s  of chlorine t r i f l u o r i d e  h a s  been car r ied  out by gas chronato- 

graphy using a custom-built gas chromatograph with a spec ia l ly  prepared colunncontaining 

Halocarbon o i l  on Kel-F. 

duction tecnniques a r e  described. 

and ClF3 have been determined. 

t i o n  of  iiF in ClF3. 

Special  sampling techniques, sample handling, and sample in t ro-  

Retention times f o r  F2, CFb, C1F , FC103, C12, Clop 

A near-infrared method i s  presented f o r  t h e  detennina- 
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Introduction 

The i n t e r e s t  in conductivity measu remen t s  on fluorinated inorganic compounds 
a t  cryogenic t empera tu res  lies i n  the ability of t hese  compounds to f o r m  ions fo r  
possible  synthesis  of potential  solid oxidizers .  In the p re sen t  study we a r e  con- 
c e r n e d  with the conductivity m e a s u r e m e n t s  on solid chlorine and bromine t r i f lu-  
o r i d e s  to de t e rmine  the i r  e l e c t r i c a l  conductivities and the i r  bear ing on s t ruc tu ra l  
p rob lems .  
b e e n  reported for  chlorine t r i f luoride and 8 .0  x 10-3 o h m - l c m - 1  a t  25OC(1) for 
b romine  t r i f luoride.  
s u r e m e n t  of fluorine-containing oxidizers  a t  cryogenic t empera tu res .  
t ions of conductivity with t e m p e r a t u r e  of chlorine tr if luoride have been  m e a s u r e d  
f r o m  -1 1.3OC (b. p . )  t o  -1 30OC (wel l  below m. p. , -83OC) and of b romine  trif luoride 
f r o m  t8OoC to -196OC (m. p. , 8.8OC). Poss ib l e  mechanisms are  discussed.  

Specific conductivit ies of < 10-6 a t  O°C(l) and 10-9 ohm-lcm-1(2)  have 

In this  work  a conductivity cel l  has  been developed fo r  m e a -  
The v a r i a -  

Experimental  

Ma te r i a l s .  - Chlorine and b romine  t r i f luorides  w e r e  obtained f r o m  the Mathe- 
son Co. 
fluoride s c r u b b e r  to r e m o v e  possible  hydrogen fluoride impuri ty  and then fract ion-  
a l ly  disti l led.  

Chlorine t r i f luoride w a s  purified by passing the vapor through a sodium 

Bromine t r i f luoride w a s  used without additional purification. 

Conductivity Measuremen t s .  - Cell  r e s i s t ance  measu remen t s  w e r e  made with 
It is equipped with an  internal ,  1000- 

F o r  m o r e  sensi t ive balance at high 
a Genera l  type 1650-A Impedance Bridge.  
cycle s ignal  sou rce  and tuned null  detector .  
r e s i s t a n c e s ,  a Hewlett P a c k a r d  400L vacuum tube vol tmeter  i s  used as an  e x t e r -  
na l  null de t ec to r .  

The conductivity cel l  is modified f r o m  a conventional type. It is made of 
bo ros i l i ca t e  g l a s s ,  which resists the attack of anhydrous chlorine and b romine  
t r i f l uo r ides ,  and is equipped wi th  two smooth platinum electrodes to  minimize 
e l ec t rode  co r ros ive  effects .  
s i z e  held 1 .5  m m  apa r t  with bo ros i l i ca t e  g l a s s  space r s .  
e l ec t rodes  and leads i s  shown in F igure  1. 
f r o m  the top of the cel l  to a point n e a r  the electrodes and contains a coppe r -  
constatan thermocouple.  
r e s i s t ance  while the c e l l  i s  f i l led with 0. 001 N KC1 solution a t  25OC (ce l l  constant = 
specific conductivity x obse rved  r e s i s t ance ,  where specific conductivity of 0. 001 N 
KC1 a t  25OC = 0.00014695 ohm-1cm-1) .  The change i n  cel l  constant due to  changes 
i n  ce l l  and electrode dimensions has  been calculated to  b e  insignificant to as low a s  
-195OC and i s  therefore  ignored in  this work.  

T h e s e  electrodes a r e  approximately 12 x 25 mm in 
The a r r angemen t  of 

An internal  thermocouple wel l  leads 

The  ce l l  constant i s  determined by measu r ing  the cel l  

The possibil i ty of imper fec t  contact of the solid with the electrode does not 
s e e m  to b e  a problem in view of the uniformity of the curves and reproducibil i ty 
a s  indicated below. 
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Resul t s  and Discussion 

Conductivity Ver sus  Tempera ture  of Chlorine Trif luoride.  - The conductivity 
of chlor ine t r i f luoride has  been  measured  over  the tempera ture  range  f r o m  near  
the boiling point ( t 1 1 .  3OC) to -13OOC. F igu res  2 and 3 a r e  plots of the conductivity 
a s  a function of t empera tu re  a s  the sample of chlor ine t r i f luoride is cooled f rom 
the boiling point a t  a r a t e  of approximately 2 to 3OC pe r  minute. The  conductivity 
inc reases  slightly as  the sample i s  cooled and displays a sma l l  maximum before the 
f reez ing  point ( m .  p. -83OC) is reached.  Below the freezing point the conductivity 
inc reases  rapidly to a s h a r p  maximum. The t empera tu re  v e r s u s  conductivity plot 
(F igure  2)  for  a sample  purified by low t empera tu re  f r a ~ t i o n a t i o n ( ~ )  no longer  has  
the sma l l  maximum occurr ing  jus t  above the f reez ing  point and the maximum peak 
has  been  broadened and displaced to a lower t empera tu re .  It was  thought that the 
broadening of the peak may re f lec t  the presence  of t r a c e  carbon hal ides  o r  ch lor -  

\ ine impur i t ies  which might have been introduced through react ion of chlor ine t r i -  
f luoride with Ke l -F  g rease  used on the stopcocks in  the dis t i l la t ion appara tus .  
Therefore ,  the distillation manifold was rebui l t  using s ta in less  s t e e l  needle valves 

No g r e a s e  was  used in any pa r t  of the dis t i l la t ion equipment 
o r  manifold (F igu re  4).  When the experiment  was repeated the s a m e  gene ra l  t rend  
was  noted, i. e . ,  the disappearance of the sma l l  discontinuity above the freezing 
point, and the displacement  to lower tempera ture  and broadening of the conductivity 
maximum. It is likely that the necessar i ly  
long res idence  t ime in glass (ca.  24 h r . )  required fo r  the dis t i l la t ion r e s u l t s  in 

This  could account for  the enhanved conductivity in 
both the solid and liquid a f te r  low tempera ture  fractionation. 

1~ 
t<- in  place of stopcocks. 
h 
'* 

4 
$, 
,\ 

The r e su l t s  are plotted i n  F igure  3. 

1 pickup of ionic impur i t ies .  

Solid chlor ine t r i f luoride has  a negative t empera tu re  coefficient for  the conduc - 4 tivity within a nar row t empera tu re  range below the freezing point. 
t empera tu re  effect is likely due to  a dec rease  in s tabi l i ty  of one o r  both of the pos-  
tulated ionic spec ies  (C1FZt and ClFq-)  with increas ing  t empera tu re  r a t h e r  than 
electronic  copduction. 
ported by the isolation of the compounds ClFzAsF6 and ClFzSbF6 b y  See1 and 

, . Detmer(4)  and C lFzBrF4  by Selig and Shamir .  (5) An al ternat ive possibi l i ty  i s  that  
the solid is polycrystalline and that conduction depends on gra in  boundary surface.  !\. .Such a solid would be  molecular  and conduction would occur  in su r face  and grain 

1. boundary f i lms  where  C lF3  is slightly ionized. 
ed f i lms  i s  great.er than in the bulk liquid s ince ionization would favor  absorption > on the possibly dipolar  solid. The dec rease  in  conductivity with increas ing  t emper -  

\ a tu re  i s  then due to a dec rease  in inner  sur face .  

This  negative 

Indirect  evidence of the exis tence of C1FZt cation is. sup- i 
The portion of ions in such  abso rb -  

b ,  
Conductivity Ver sus  Tempera tu re  of Bromine Trif luoride.  - The  conductivity 

) 
jx 

2. 5 . 0 3  x ohm- l  c m - l ;  l i t e r a tu re  value is 8 x 10-30hm'1 ern-'.(') The  ions 

of bromine  t r i f luoride has  been measured  over  a range of 80 to -196OC (F igure  5) .  
The re  'is l i t t le var ia t ion of conductivity with tempera ture  in the liquid s ta te ;  the 
liquid has  a tendency to supercool .  

Emeleus  F6) repor ted  the exis tence of the ionic equi l ibr ium 

The value of specific conductivity a t  25OC is 

' ' 3  accountin for  the conductivity a r e  probably BrF2' and B r F 4 - .  Woolf and 
! 

2 
2 B r F 3  B r F Z t  t B r F 4 -  

-7 

in liquid bromine  t r i f luoride by the isolat ion of compounds BrF2SbF6 and 
(BrF2)2SnF6 for  B r F Z t  cation and KBrF4,  AgBrFq and Ba(BrF2)z  for  B r F 4  anion. 

L 
Conductivity of solid bromine t r i f luoride decreased  rapidly with tempera ture  

leading to a marked  discontinuity around the melting point ( t8 .8OC).  Another  d i s -  
The re  a r e  two cu rves  with differ-  ' . continuity is observed a t  ca .  -2OOC (Figure  5) .  

"ent s lopes,  a higher tempera ture  portion and a lower t empera tu re  portion. This  is  
s i m i l a r  to the behavior of AgC1, AgBr ,  TlCl  and T l B r  a s  descr ibed  by Lehfeldt.(7) 
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This  suggests  tha t  solid b r o m i n e  t r i f luoride m a y  have an  ionic la t t ice  of BrFzt and 
B r F 4 -  ions and exhibit e lec t ro ly t ic  conduction as these  sal ts .  Phosphorous penta- 
chlor ide,  which conducts to a small extent in the solid,  has  been shown to posses s  
a la t t ice  of PC14t and PCl6-  ions.  
exponential  

Electrolyt ic  conduction is  expressed  a s  the 

-Q / kT  o = o  e 

where  oo is a constant that  can  b e  expressed  in t e r m s  of mobili t ies,  and Q i s  the 
activitation energy.  (9) 
expected that 

F o r  the solid B r F 3  curve  shown in F igure  5,  it is to be  

s ince two p rocesses  a r e  opera t ing .  The activation energy Q1 for  the lower tem-  
pe ra tu re  p rocess  (between -20 and -196OC) is of the o r d e r  of 3 .81  Kca l /g  mole,  o r  
one-eighth the value of Q2. 29. 8 Kcal /g  mole  (between t8.80 to -2OoC), lwhereas  

(2 .  13x10-11 ohm- lcm-1)  is many  o r d e r s  of magnitude g rea t e r  than oo ( 1 . 7 3 ~  
18 -29 ohm -1cr-n-1). 
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